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ABSTRACT
The study focuses on the effects o f heat stress on Serpula lacrym ans and S. him antioides  (w hich have 
been p reviously  show n to be relatively therm osensitive and therm oto leran t respectively) in re la tion  to 
the heat shock  response. A  part o f th is response is the production  o f  heat-shock  p ro teins (hsps). 
C om parative studies o f  ch ick  em bryo fibroblasts and Saccharom yces cerevisiae  (w ine strain , L -2226) 
w ere used  to  dem onstrate  possib le differences betw een  these th ree very  distinct eukaryo tic  system s.
The aims o f  the  p ro ject w ere to determ ine w hether S. lacrym ans  and S. h im antioides undergo  the  heat- 
shock response w ith  respect prim arily to induced therm otolerance and the p roduction  o f  hsps. T he 
approach taken to establish  the above w as by system atic analysis o f the  d ifferent pathw ays invo lved  in 
this response. Firstly , overall heat induced changes in protein  and m R N A  synthesis w ere analysed, in 
conjunction w ith  the identification o f  specific pro teins related to the heat-shock response, nam ely  hsp 
60, hsp70 w hich have been show n in other eukaryotic system s to play key ro les in  th is response. 
Secondly, im m unological studies w ere also used  to detect changes in  the pattern  o f  protein  
ubiquitination, w hich resulted  from  heat stress. Thirdly , changes in hsp70 m R N A  w ere m onitored  by 
R T-PCR . T he cD N A  and genom ic am plim er products generated by  R T -PC R  and P C R  respectively  
w ere cloned and  sequenced to identify a putative o f  hsp70 gene sequence. Fourthly, the  A M P-activated  
protein k inase (A M PK ) cascade has been dem onstrated  to be activated in response to  stress and steps 
w ere m ade to  detect and identify A M PK  activity in  cellu lar extracts o f both Serpula  species. F inally, 
the effect o f heat upon trehalose accum ulation and m obilisation  during the heat-shock  response was 
studied as there is grow ing evidence to link  increased therm otolerance to  transient increase in  trehalose 
levels, w hich is now  considered to be a stress m etabolite.
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CHAPTER ONE
INTRODUCTION
1.0 The S e rp u la  Species.
The tw o com m on species o f  Serpula , S. lacrym ans (Schum acher ex  Fr.) G ray and S. him antioides  
(Fr. ex Fr.) K arst, belong  to  a  group o f fungi classified  as B asidiom ycetes. T he B asid iom ycetes are a 
group o f  fungi w ith in  w hich are grouped m ost o f  the  larger species: m ushroom s, toadstools, 
puffballs, s tinkhom s and bracket fungi (Coggins, 1980). M any o f the  im portant w ood  destroying  
fungi, are B asidiom ycetes, w hich have large distinctive fru iting  bodies. T he w ood  destroying 
B asidiom ycetes can  be split in to  tw o groups depending on the type o f  enzym es secreted , b row n- and  
w hite-rot fungi. T he  enzym es needed to breakdow n cellu lose and lignin , the tw o m ajo r com ponents 
that m ake up  w ood, are cellulases and lignin degrading enzym es. Serpula  species are b row n-ro t 
fungi and only secrete cellulases resulting in cellulose and sim ilar com pounds being  b roken  dow n. 
T he decay occurs as a  darkening o f the w ood w ith the original structure broken up  in to  cuboidal 
pieces o f  varying size (Coggins, 1980). This decay is know n as brow n rot. D ecay  o f  bu ild ing  
tim bers is com m only  referred to as dry ro t o r w et rot. There is only  one true dry  ro t fungus, S. 
lacrym ans, the re la ted  species S. him antioides is m ostly  found in the w ild (B akshi and  C houdhury, 
1958; B akshi et. al., 1958). The dry ro t fungus S. lacrym ans is a  com m on cause o f  failure in 
building tim bers, bu t at least tw o other m ajor tim ber decay fungi, C oniophora pu teana  and  
F ibroporia vaillan tii p roduce w et rot. These fungi develop w here the tim ber becom es w etter than is 
usual in dry ro t outbreaks (Coggins, 1980). D ue to the invasive nature o f  the dry  ro t fungus, 
standard treatm ent involves the total replacem ent o f  infected w ood often  w ith chem ically  p reserved  
stock.
Concerns have been  raised  in  recent years regarding the safety o f the m any w ood trea tm ent system s, 
e.g. approval to  use  the w idely used tri n-butyltin oxide has been w ithdraw n from  the  U K  and there 
are concerns on the  safety o f using PC P derivatives (Carey, 1992). T his has resu lted  in  an increased  
awareness to develop  new  conceptual approaches to  w ood preservation and rem edial treatm ent.
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Efforts are being  m ade to  find  new  m ethods o f treatm ent fo r the  control and possib le  erad ication  o f 
a  range o f  w ood decay fungi including S. lacrym ans. T he  rep lacem ent o f  these  tox ic  w ood 
preservatives w ith  m ore sophisticated m ethods is now  becom ing w idely researched. N ew  m ethods 
o f detection and treatm ent, w hich are now  being applied  to  detection  and control o f dry rot, include 
im m unological detection (G lancy and Palfreym an, 1993; Toft, 1993; B urge et. al., 1994), b io logical 
control system s (Bruce and H ighley, 1991; Palfreym an and B ruce, 1994; Score and Palfreym an, 
1994a, 1994b) and heat treatm ent processes (Koch et. al., 1989; K och, 1991). A  rational approach to 
the design o f rem edial treatm ent w ill be  greatly enhanced w hen in-depth  analyses o f  the  responses 
o f  m olecular and physiological m echanism s to these rem edial treatm ents are understood.
F alk  (1912) undertook  the first detailed  scientific study o f  S. lacrym ans. U ntil recen tly  the m ain  
field  o f  research has been based on physiological changes rela ted  to  grow th, m orphology  and 
substrate u tilisa tion  (H arm sen, 1960; W atkinson, 1971; W atk inson  et. al., 1981; B ravery  and G rant, 
1985; H egarty and Seehann, 1988; V enables and W atkinson, 1989; Schm idt and M oreth -K ebem ik , 
1989a, 1991a, 1991b; Paajanen and R itschkoff, 1991). M olecular and im m unological techniques are 
now  being increasingly used to characterise the m olecular m echanism s em ployed by th is fungus 
(Palfreym an et. al., 1994, 1995). Studies have dem onstrated  that m olecular d ifferences can be 
detected  betw een different strains o f S. lacrym ans (Schm idt and M oreth -K ebem ik , 1989b; 
Palfreym an et. al., 1991; V igrow  et. al., 1991a, 1991b; V igrow , 1992; Palfreym an and V igrow ,
1994). A lthough S. lacrym ans and S. him antioides are regarded as m orphologically  s im ila r they are 
nevertheless d istinguishable on the basis o f habita t and physiological activity. S. lacrym ans  differs 
from  S. him antioides in  habitat, prim arily by S. lacrym ans usually  found in bu ild ings and S. 
him antioides found grow ing in  the wild. T he tw o fungi also d iffer in  the m orphology  o f  the  
sporophore and in  culture, particularly  in the texture and co lou r o f  the  m at, w ith the fo rm ation  o f  
liqu id  drops prevalent on the m at o f S. him antioides only (B akshi and C houdhury, 1958).
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M orphological d ifferentiation o f  the Serpula  species can be d ivided broadly  in to  a  num ber o f  
m orphologically  and physiologically  distinct form s o f  m ycelium , associated  w ith  the vegetative and 
sexual states o f  grow th. T hese tw o d istinct states can be characterised  by the fo rm ation  o f  m ycelium  
and strands associated  w ith vegetative grow th and fru it-body form ation  w ith sexual grow th. G regory
(1984) defined the vegetative state “as an elaborate and w ide variety  o f p lectenchym atous structures 
w hich serve a  purely  vegetative function” . Production  o f  these structures occur in  response to 
changing dem ands encountered by a  dynam ic m ycelium  grow ing  under hetero logous conditions, 
allow ing d ifferen t parts o f  a  grow ing colony to fu lfil separate and som etim es contrad ictory  roles. 
T he m ycelium  is capable o f occupying com plex niches w ith in  its ecosystem  and is a  subtle, 
changeable en tity  equipped w ith responses to  varied  and  often  contrad ictory  environm ental 
conditions. D uring the developm ent o f  m ycelium  from  a po in t source under in itia lly  hom ologous 
conditions, it is w ell docum ented that changes in  patterns o f  m orphogenesis occur lead ing  to the 
establishm ent o f a  peripheral grow th region containing undifferentiated  leader hyphae, behind 
w hich are produced m orphologically  and functionally  d istinct m ycelial regions w hich aggregate and 
adhere together form ing strands (B utler, 1957, 1958). T hese strands give S. lacrym ans  the strik ing 
ability to spread over and w ithin nutritionally  inert substances, until a  fresh nu trien t resource 
becom es availab le (Jennings, 1982). Strands also have contrad ictory  roles, even though prim arily  
their ro le is a vegetative one. They can produce offshoots o f  vegetative m ycelium  w hich can sw itch 
to a m ode o f sexual developm ent and form  fruiting-bodies, bu t the strands them selves cannot 
directly produce these sexual structures (Nuss et. al., 1991). B oth  vegetative and reproductive states 
are influenced by  the sam e abiotic environm ental factors such as nutrition, tem perature, ligh t and 
aeration (C lark et. al. 1980; H egarty and Seehann, 1987; H egarty, 1991; Jennings, 1991).
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1.1 Molecular Differentiation of Serpula Species in Relation to Stress Responses.
T he purpose o f  this study is the investigation o f  the heat induced  stress responses, in  Serpula  
species and to  re la te  these responses, i f  possible, to  observable changes at the m olecu lar and cellu lar 
levels. D ifferen tia tion  and stress responses in prokaryotic and eukaryotic organism s are closely  
related and in  som e cases h ighly conserved (H offm an and Parsons, 1991; C onw ay de M acario  and 
M acario, 1994) A  num ber o f  heat-shock  proteins involved in this universally  conserved  stress 
responses are also  conserved throughout evolution (Zeilstra-R yalls et. al., 1992; B oorste in  et. al., 
1994). T he occurrence o f a  stress response in  these system s often  leads to the  in itia tion  o f  sim ilar 
form s o f  m olecu lar differentiation. Stress is characterised  by the response o f a  b io log ical system  to 
extrem e environm ental conditions. O nce a  stress is detected, organism s m ay attem pt to  evade it by  a 
physiological response. If  stress evasion does not occur at these levels, changes in  m etabolic  
processes m ay occur. The m ost rapid responses involve changes in enzym e activity , fo llow ed by 
changes in  substrates and effectors. S low er m etabolic changes involve enzym e synthesis or 
degradation p rocesses, although these still occur in a  few  m inutes. T em peratures influence the 
synthesis, stab ility  and activity o f enzym es, and also have substantial effects upon the equ ilib rium  
constants o f b iochem ical reactions (H ochachka and Som ero, 1984).
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1.2 The Effects of Temperature Stress on Cellular Responses.
W hen eukaryotic  o r prokaryotic cells are exposed to  elevated  tem peratures, they respond  by  
synthesising a  sm all num ber o f h ighly  conserved proteins know n as the  heat-shock  p ro teins (hsps) 
or stress pro teins. T he heat-shock response is defined by the fo llow ing criteria: A  rapid, transien t re ­
program m ing o f  cellu lar activities to ensure survival during periods o f  stress, to  p ro tec t essential 
com ponents against heat dam age and to perm it the resum ption  o f  norm al cellu lar activ ities during 
the recovery period  (Burton, 1986). The transient reprogram m ing o f  cellu lar activ ities can  be 
correlated  to  the  induction o f hsps. In som e organism s the  production o f hsps has been  associated  
w ith  an increase in  therm otolerance, i.e., an enhanced ability  o f  organism s to  surv ive exposure  to  
otherw ise le thal tem peratures (P lesset et. al., 1982; P lesofsky-V ig and B ram bl, 1985; C arper et. al., 
1987; L aszlo, 1988). Induced therm otolerance is defined as the process w hereby exposure  to  m ild  
heat stress, above the optim al tem perature range, increases the therm otolerance o f  a  w ide  range o f 
organism s w hen subjected to a subsequent lethal heat treatm ent (P lesofsky-V ig and B ram bl, 1985; 
M ackey and D errick , 1986; Key et. al., 1993; W elte et. al., 1993). W hen cu ltured cells are given 
such pre-treatm ents, their resistance to killing by extrem e heat increases dram atically  (M cA lister 
and Finkelstein , 1980). This increased resistance or induced therm otolerance has been  observed  in 
every organism  in w hich it has been studied, ranging from  bacteria  to m an (Schlesinger et. al., 1982; 
Craig, 1985).
G em er and Schneider (1975) published the first study illustrating this phenom enon o f induced  
therm otolerance and further studies to the present day are still attem pting to define the com plex  
system s involved  in  developing therm otolerance. A  sim plified  m odel for this developm ent has been 
proposed by Li and H ahn, (1980) w hereby therm otolerance in  m am m alian cells can be d iv ided  into 
three processes: an initial triggering event; the expression o f developing resistance and the gradual 
decay or disappearance o f the resistance. In a  sim plified  m odel, the various stages invo lved  in
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therm oto lerance developm ent can be correlated to changing heat kinetics. S tudies invo lv ing  the 
kinetics o f  heat k illing  and therm otolerance in  a  variety  o f  m am m alian  cell lines have been 
illustrated  in  term s o f  an A rrhenius p lo t (D ew ey et. al., 1977; B auer and H enle, 1979). T he three 
stages o f  the  induced  therm otolerance m odel w ere dem onstrated  as an A rrhenius p lo t by m easuring 
m am m alian cell survival (Li and N ussenzw eig, 1996). T herm otolerance develops by  triggering 
events tha t converts norm al cells to the  triggered state w ith  ra te  constan t k i. T his triggering  event 
also probably  involves the activation o f the heat-shock  transcrip tion factor, H SF1, resu lting  in  
increased expression  o f  hsps (Sorger, 1991; A bravaya et. al., 1992; L is and W u, 1993; M orim oto, 
1993). T he nex t stage o f  the process is seen as the  triggered cells becom ing converted  in to  a 
therm otolerant state w ith a  rate constant k2. Tem peratures approxim ately  above 43 °C, k2=0: the 
triggered cells rem ain  sensitive to heat, and if  transferred  back  to  optim um  conditions o f  37 °C 
becom e converted  to  a  therm otolerant state. This therm oto leran t state is m anifested  by  the elevated 
expression o f  hsps, enhanced protection and faster recovery from  therm al dam age. T he  final stage o f 
the process occurs w hen the therm otolerant cells are p laced back  into optim al conditions. T he cells 
slow ly re-estab lish  their sensitive state which is governed by rate constan t k  ^ (Li and N ussenzw eig , 
1996).
A nother im portan t aspect o f the heat-shock response is the sim ultaneous shut dow n o f  m ost 
m etabolic processes during the transitional period o f  stress (Schlesinger et. al., 1982; P lesofsky-V ig  
and B ram bl, 1985), w hereby the transcription o f previously  active genes and the translation  o f  p re­
existing m essages are repressed. H eat-shock proteins are synthesised directly  after organism s 
experience one o f a  w ide range o f environm ental stressors and m ay be a  particu larly  im portan t 
com ponent o f the stress response (H offm an and Parsons, 1991). D iD om enico  et. al., (1982) 
dem onstrated tha t as long as D rosophila  cells w ere m ain tained  at elevated tem peratures, heat-shock  
proteins continue to be the prim ary products o f pro tein  synthesis. O nce cells are re tu rned  to  optim al
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conditions, norm al pro tein  synthesis gradually resum es (D iD om enico et. al., 1982; P lesofsky-V ig 
and B ram bl, 1985). T his response has been show n to be  universal am ong h igher eukaryotic  system s, 
suggesting tha t heat-shock  proteins have a pro tective ro le against heat as w ell as o ther form s o f 
environm ental stress (review ed in Lindquist, 1986; L indquist and Craig, 1988; M orim oto  et. al., 
1990; Sanders, 1993).
It is becom ing clear that m any hsps are stress proteins, ra ther than specific responses to  heat stress. 
These proteins can be induced by  a variety o f  stress inducing agents, including  am ino acid 
analogues (Laszlo, 1988; Laszlo and Li, 1993), heavy m etals (Sanchez et. al., 1992), hydrogen 
peroxide (M organ et. al., 1986; Keyse and Tyrrell, 1987; C ollinson and D aw es, 1992; G ropper and 
Rensing, 1993), arsenite  (Caltabiano et. al., 1986) ethanol shock (B oon-N ierm eijer et. al., 1988; 
G ropper and R ensing, 1993), glucose deprivation (B ataille et. al., 1991) and salt (V alera et. al., 
1992; V olker et. al., 1992; B lom berg and A dler, 1993; Lew is et. al., 1995). T he induction  o f stress 
proteins in relation to induced levels o f tolerance has been show n no t to be  solely  a  part o f  heat 
stress, for exam ple, proteins have been show n to correspond w ith heat shock bu t w hich overlap w ith 
proteins induced by salt shock (H arrington and A im , 1988; B hagw at and A pte, 1989). M ild  
treatm ents o ther than heat stress can also elicit increased  resistance no t only against h igher doses o f  
those particular stressors, bu t also confer therm otolerance. This w as dem onstrated  in  yeast cells 
exposed to ethanol (P lesset et. al., 1982) and m etal oxides (C hang et. al., 1989).
This study focuses on the effects o f  heat stress on S. lacrym ans and S. him antioides in  re lation to the 
heat-shock response. O rganism s control their sensitiv ity  to  tem perature and indeed  other 
environm ental stresses by the production o f a  heat-shock  response. W ith in  the basid iom ycetes, the 
heat-shock response has been docum ented at the m olecular level only in  the p lan t pathogen  U stilago  
m aydis (H olden et. al., 1989) and the w ood-decay fungus, Schizophyllum commune (H iggins et. al., 
1993), w ith several responses reported including the production  o f hsps, ub iquitination  o f  proteins
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and changes in  the  activities o f  intracellular proteases. A  num ber o f  eukaryotic studies have 
indicated  that a  num ber o f  hsps m ay potentially  play a ro le in the induction or the  developm ent o f  
therm otolerance (Li and Laszlo, 1985; Solom on et. al., 1990; L indquist and K im , 1996). H ow ever, 
the precise function  o f  individual hsps as w ell as the nature o f  the specific b iochem ical changes 
responsible fo r th is phenom enon is still unclear (Jozw iak and Leyko, 1992). A ngelidis et. al. (1991) 
show ed direct evidence fo r the involvem ent o f  hsp70 in therm otolerance, w ith the production  o f  
clones o f  the  C V 1 cell line w hich had both enhanced capabilities fo r producing hsp70 and  increased  
heat resistance. In addition, in  transform ed rat fibroblasts it w as dem onstrated  tha t a  constitu tive ly  
expressed hsp70 gene dram atically  increased therm otolerance T he tw o-dim ensional analysis o f  to ta l 
cellu lar proteins from  this study, also dem onstrated that increased basal expression o f  h sp70  w as the 
only substantial change in  the  protein  profiles (Li et. al., 1991)..
T he induction o f  the heat-shock response is relatively w ell understood, in com parison  w ith  its 
term ination and the process o f recovery from  a heat-stressed state (W elch and Suhan, 1986). T he 
restoration o f  norm al patterns o f protein synthesis in  heat-shocked cells o f  D rosoph ila  has been 
suggested to depend on a critical level o f hsp70 (D iD om enico et. al., 1982), w hile S tone  and Craig,
(1990) present genetic evidence for the self-repression o f  70 kD  hsp in Saccharom yces cerevisiae, 
w hich also supports a  role for hsp70 in  the term ination o f  the heat shock response. In  Escherichia  
coli, the repression o f hsp genes and resum ption o f norm al protein  synthesis depends on the 
presence o f an in tact hom ologue o f hsp70, the dnaK  protein  (T illy  et. al., 1983).
1.3 Heat-Shock Proteins as Molecular Chaperones.
From  the accum ulating data it is evident that a num ber o f  hsps are directly  involved  in  pro te in - 
protein in teractions, such as protein  folding, and have been subsequently  term ed  'm olecular 
chaperones' (E llis et. al., 1989). The general role o f chaperones in pro tein  fo lding is to  b ind  to the
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exposed  in teractive sites o f  the unfo lded  or nascent polypeptides and facilitate  th e ir  fo ld ing  o r 
refolding (H orw ich et. al., 1990). T here are a  num ber o f chaperone fam ilies w hich inc lude  hsp60, 
70  and 90.
T he fam ilies o f hsp60 proteins, found  in  all bacteria, m itochondria  and plastids o f  eukaryotic  cells, 
exhib it sim ilar chaperone activity  to hsp70, but are structurally  distinct. T hey  p lay  a  crucial ro le in  
catalysing the fo lding o f  unfo lded  proteins and assem bling higher-order structures. T h e  chaperonins 
belonging to  the H sp60  Fam ily, a  subgroup o f chaperone pro teins (E llis and V an de r V ies, 1991; 
Zeilstra-R yalls et. al., 1991; H ard , 1996) have large cylindrical com plexes com prising  o f  tw o 
stacked rings o f seven to nine subunits each (Braig et. al., 1994; H ard , 1994). T hey  in teract w ith 
early  interm ediates in  the protein-folding pathw ay and m ediate  the  acquisition  o f  the  native 
structure o f  new ly synthesised proteins by releasing the substrate  in  an A T P -dependen t process 
(B ochkareva et. al., 1988; B aneyx and Gatenby, 1992; M ayhew  et. al., 1996; R osem an  et. al., 1996). 
In  periods o f stress how ever, the  levels o f the hsp60/G roE L  chaperone has been docum ented  to 
increase dram atically  in  both E. coli and S. cerevisiae  (R eading et. al., 1988; C heng et. al., 1989). 
M artin  et. al., (1992) dem onstrated in vitro, protein denaturation at e levated  tem peratu res in N. 
crassa  w as prevented by binding to hsp60, illustrating the possib le  ro le o f hsp60 to  s tab ilise  p re ­
existing proteins during stress.
H sp70s as m olecular chaperones, are also involved in a  num ber o f  d ifferent physio log ical functions 
w hich include the follow ing: (i) T he uncoating o f clathrin-coated vesicles w hich are  in term ediates 
in  the pathw ay o f receptor m ediated  endocytosis, an hsp70 protein  know n as ‘uncoating  A T P ase’ 
disrupts clathrin-clathrin  aggregates in  an A TP-dependent reaction (U ngew ickell, 1985; C happell et. 
al., 1986; R othm an and Schm id, 1986); (ii) M ediators o f  protein  translocation across m em branes in 
m itochondria, chloroplasts and the endoplasm ic reticulum  (K ang et. al., 1990; R assow  et. al., 1994; 
Stuart, et. al., 1994; Cyr and N eupert, 1996); (iii) A  com ponent o f the stero id  ho rm one  recep tor
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com plexes (S ilver et. al., 1993); (iv) Take part in  the  regulation  o f  the  prokaryotic  s igm a factor 32s  
and eukaryotic heat-shock  factor (Strauss et. al., 1990; A bravaya et. al., 1992; L iu  et. al., 1993). 
G row ing ev idence poin ts to  hsp70 as having a  central regulatory ro le o f its ow n stress induced  
synthesis (S tone and C raig, 1990; B aler et. al., 1992). In cultured heat-shock  trea ted  m am m alian  
cells it has also been  proposed  that increased levels o f  unfo lded  polypeptides, resu lts in  a  reduction  
in  free hsp70, lead ing  to  the  induction o f heat-shock gene transcrip tion (B aler et. al, 1992; B eckm an 
et. al., 1992; L i et. al., 1992).
T he H sp90 fam ily  differs from  the o ther tw o fam ilies in  tha t hsp90 regulates the  function  o f fo lded  
proteins by b ind ing  to  them  by an A TP-dependent m echanism , w hich is possib ly  used  by  all three 
fam ilies (Schlesinger, 1990; H ard, 1996). H sp90 associates w ith num erous cy toso lic  and nuclear 
proteins involved in  cell signalling, including stero id  horm one receptors (C atelli et. al., 1985; 
Sanchez et. al., 1985; P icard  et. al., 1990; Scherrer et. al., 1990). H sp90 also in teracts w ith  hsp56 
and hsp70, as com ponents o f hetero-oligom ers o r aporeceptor com plex. This com plex  prim arily  
consists o f an hsp90 d im er and an hsp56 m onom er (R exin et. al., 1988; R ehberger et. al., 1992). 
H sp70 appears to be transiently  associated w ith aporeceptor-hsp90 com plex during  its assem bly 
(Perdew  and W hitelaw , 1991; Sm ith and Toft, 1993).
A  num ber o f  these hsps play im portant roles during norm al grow th and developm ent at op tim um  
tem peratures as m olecular chaperones, but increased expression at h igher tem peratures allow s 
grow th and m etabolism  to continue. Exam ples, w here the ‘house keep ing’ functions o f  im portan t 
hsps are ‘com m andeered’ during periods o f stress have been dem onstrated  fo r bo th  hsp60  and 70 
(Skowyra et. al., 1990; B uchner et. al., 1991; G ragerov et. al., 1992; Schroder et. al., 1993; M artin  
et. al., 1996). F rom  the biochem ical analysis o f hsp function  as a  facilitator o f  p ro tein  fo ld ing  it has 
been proposed that the com m on signal for hsp induction  is protein  denaturation  and  tha t one
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possible function  during periods o f stress is to  preven t o r repair, denaturation  dam age (C raig and 
Gross, 1991, Sherm an and G oldberg, 1996).
1.4 Heat-Shock Proteins and the Ubiquitin System.
H eat-shock pro teins and products o f the ubiquitin  system , also appear to  p lay  im portan t roles in the 
cellu lar response to  abnorm al or m odified proteins. The ubiquitin  system , a  m ulticom ponent, A TP- 
dependent pathw ay, w hich has been w ell characterised  in  reticulocytes and  yeast, (H ershko and 
C iechanover, 1992; Jentsch, 1992) is postu lated  to  be responsible fo r the  rem oval o f  abnorm al 
proteins and fo r the  rapid  degradation o f norm al short-lived proteins. T he degradation  o f these 
proteins is essential for m odulating the levels o f  key enzym es and regulatory  pro teins w ith in  the 
cell. Proteins are com m itted  to degradation by their ligation to ubiquitin , a  h ighly  conserved  76- 
am ino acid polypeptide. Post-translational conjugation o f ubiquitin  to pro teins has been suggested 
to be  part o f  an A TP-dependent protein degradation pathw ay m ediated by the 26S-pro tease com plex 
(H ershko, 1988; C iechanover, 1994). Finley et. al., (1984) dem onstrated  a link  betw een  ubiquitin  
and the heat shock  response. U sing the m ouse cell cycle m utant, ts85, defective in conjugating 
proteins, they show ed an accum ulation o f abnorm al proteins at the non-perm issive tem perature o f 
39 °C. U nder these conditions, they reported an induction o f hsps, thus estab lish ing  at least a 
tem porary association betw een the stress response and the ubiquitin  system . O ther studies have 
indicated that the  rate  o f ubiquitin  synthesis increases w ith heat stress (B ond and Schlesinger, 1985; 
Finley and V arshavsky, 1985). For exam ple, in  the case o f heat-shocked chicken em bryo fibroblasts, 
there is a  5-fold  increase in ubiquitin m R N A  synthesis (B ond and Schlesinger, 1985). U biquitin  
gene expression is inducible by heat-shock in Xenopus laevis  em bryos, w ith  transien t accum ulation 
o f  ubiquitin  m R N A  w ith increasing tem perature levels (O vsenek and H eikkila, 1988). In yeast, 
ubiquitin  is encoded by a  m ultigene fam ily com prising  o f U BI1, U BI2, U B I3, and U B I4. T he U B I4
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gene codes fo r a  polyubiquitin  precursor protein, w hich is rapidly  induced by  heat-shock  and  has 
been show n to  be  an essential com ponent o f the stress response system  (F inley et. al., 1987). Levels 
o f  U BI4 transcrip ts increased w ith the synthesis o f  h igh levels o f  abnorm al poypeptides (M ager and 
Ferreira, 1993).
R epair and  prevention  o f protein denaturation due to  stress also requires the p resence o f  heat-shock  
proteins. H sp 70  has the  ability  to b ind  to  abnorm al or m odified  proteins and possib ly  plays a  ro le  in  
the pro tection  o f  o ther cellu lar proteins against heat-induced dam age (M unro and P elham , 1985). 
R egardless o f the stress inflicted  upon the cell, the  accum ulation o f  abnorm ally fo lded  polypeptides 
w ithin the  cell leads to  induced therm otolerance and the increased expression o f hsps (L ee and 
H ahn, 1988). T here  is supporting evidence for th is hypothesis: (i) A nanthan et. al., (1986), also 
dem onstrated  that by injecting abnorm al proteins into X. laevis  oocytes, an hsp70 hybrid  gene w as 
activated; (ii) K arlik  et. al. (1984), also observed that in D rosophila  cells expressing  increased  
levels o f  a  m utant actin, there w as an increase in the level o f  hsps expressed. A s h igh  levels o f  
abnorm al o r unfo lded  proteins accum ulated w ithin the cell, they becom e bound to hsp70, resu lting  
in reduced levels o f free hsp70 chaperones. As a  result o f  this, the  heat-shock transcrip tion  facto r 
(HSF) w as activated and the cell responded by increasing the expression o f its heat-shock  pro teins 
(Baler et. al., 1992). D uring stress-free periods it has been p roposed  that the H SF is m ain ta ined  in  an 
inactive state v ia  its interaction w ith a heat-shock protein. This has been further substan tia ted  by 
A bravaya et. al., (1992) dem onstrating, through in vitro  studies, the  functional in teraction  betw een  
the m am m alian  H SF and the cytosolic hsp70. In this hypothesis it is p roposed that the  p rim ary  
trigger o f  a  transient increase in hsp expression is the increase in  the level o f abnorm al pro teins 
present in  a  cell during periods o f stress w hich results in the activation o f the HSF.
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1.5 Other Markers of Cellular Stress.
1.5.1 AMP and AMP-activated Protein Kinase Cascades
A M P-activated  pro tein  k inase (A M PK ) is the central com ponent o f a  protein  k inase  cascade tha t 
phosphorylates and inactivates key regulatory enzym es o f  several m am m alian b iosynthetic  pathw ays 
(Corton et. al. 1994). It w as discovered as a  kinase, w hich inactivated  H M G -C oA  reductase , the 
enzym e w hich  catalyses the key regulatory step in  sterol/isoprenoid  biosynthesis (B eg et. al. 1973). 
E levation o f  cellu lar A M P levels in response to environm ental stresses that cause  A T P  depletion, 
activates this k inase, both  by  direct allosteric activation and phosphorylation by  an upstream  k inase  
kinase, resu lting  in increased activation o f  greater than  100 fold (H ardie 1994). T he b iochem ical 
characterisation o f th is k inase in rat liver indicates a  single polypeptide chain  o f  63 kD  w hich 
contains both  the allosteric (AM P) and catalytic (A TP) sites (C arling et. al. 1987). It has been 
subsequently  show n to phosphorylate and inactivate o ther m etabolic enzym es invo lved  in fa tty  acid 
and glycogen synthesis (H ardie and M acK intosh 1992). Evidence fo r the p resence o f  th is A M P K  
cascade system  in h igher plants has been dem onstrated  by detection and  biochem ical 
characterisation o f a  hom ologue o f the m am m alian A M P-activated  protein k inase from  cau liflow er 
(M acK intosh et. al. 1992; Ball. et. al. 1994). In the yeast S. cerevisiae, the p ro te in  k inase  Snfl 
encoded by the gene sucrose non-ferm enting-1 (SN F1) and has been dem onstrated  to  be  closely  
related to the catalytic subunit o f the m am m alian A M P K  (C orton et. al. 1994).
Environm ental stresses including heat-shock, glucose starvation, anoxia and exposure  to  arsenite  
have all show n to  cause A TP depletion (Chen et. al. 1986; G asbarrini et. al. 1992; C orton  et. al. 
1994; H ardie et. al. 1994). Changes in  the ratio A M P: A TP levels correlate w ith  the activation  o f 
A M P-activated  protein  kinase v ia heat-shock and arsenite exposure (C orton et. al. 1994). This 
dem onstrates a  possib le ro le o f A M P-activated pro tein  k inase in the cellu lar response  to  stress, by
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effectively b locking non-essential biosynthetic pathw ays and conserving cellu lar A TP levels for 
essential processes such as ion pum ping. F igure 1.1 illustrates the  possible physiological role 
AM PK has upon biosynthetic pathw ays and subsequent A TP levels.
Mitochondria
ATP+AMP ;= £  A DP
Kinase k inase
Biosynthesis
Heat Toxic
Stress
Figure 1.1. A  model for the physiological role o f  A M P-activated protein k inase in response to 
environm ental stress. Stress treatm ents, such as heat and arsenite shock, disrupt the  ability  o f  
the m itochondria to  phosphorylate ADP to A TP, through the adenine nucleotide translator. 
This disruption causes an increase in ADP. A TP ratio w ithin the cytoplasm , resulting in an 
even larger rise in A M P:A TP ratio. Consequently, the rise in A M P activates the  A M PK  both  
by allosteric activation and by prom oting the  conversion o f  the  inactive dephosphorylated  
(red) form  to the m ore active phosphorylated (green) form , catalysed by the kinase kinase. 
This active form  can phosphorylate in tu rn  regulatory enzym es in a  num ber o f  biosynthetic  
pathw ays, conserving ATP pools for m ore essential processes in the short term  such as C a 
pum ping. A dapted from  C orton et. al. (1994).
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1.5.2 Trehalase Activation and Trehalose Mobilisation During the Heat-Shock Response.
In S. cerevisiae  the  heat-shock response is characterised by rapid  changes in  cellu lar physiology and  
increased to lerance to  stress conditions. A m ong the range o f  responses involved, tw o aspects are the  
induction o f  hsps and the rap id  accum ulation o f the d isaccharide trehalose w hich have been  w idely  
studied in  th is eukaryotic system . T rehalose is a  non-reducing  disaccharide o f D -glucose, w hich is 
found in a  num ber o f eukaryotic system s including fungi such as S. lacrym ans (B row nlee and 
Jennings, 1981). A lthough the biological function o f  trehalose is no t fu lly  understood, it is a  storage 
carbohydrate found w ithin the cytosol, and has also been recognised  as a  stress pro tectan t in  yeast 
(K eller et. al., 1982; Thevelein, 1984a; Van Laere, 1989; W iem ken, 1990). R apid  accum ulation o f  
trehalose can be induced  by a num ber o f environm ental stresses sim ilar to  those w hich play a ro le in  
the induction o f heat shock proteins, these include alcohol, hydrogen peroxide, and heat (A ttfield  et. 
al., 1987; H ottiger et. al., 1989; D e V irgilio et. al., 1990). The biosynthesis and degradation o f 
trehalose in yeast is a cyclic pathw ay in w hich it is synthesised by tw o enzym es, trehalose-6- 
phosphate synthase and trehalose-6-phosphate phosphatase and degraded by neutral trehalase 
(Figure 1.2). A ccum ulation or the m obilisation o f trehalose in response to  changes in tem perature 
has been directly  correlated w ith increases and decreases in  therm otolerance in  yeast cells, the  rap id  
changes observed suggest that trehalose possibly acts as a  therm oprotectant (A ttfield  et. al., 1987; 
H ottiger et. al., 1987a, 1989; D e V irgilio et. al., 1990; 1991a).
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Trehalose-6-] Neutral Trehalase
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Figure 1.2. Pathw ay fo r the biosynthesis and m obilisation  o f  trehalose.
Environm ental stresses can affect fungi by triggering physio logical and developm ental m echanism s 
which are induced by  changes at the post-translational and  transcrip tional level. In the  case o f  
trehalose, its m obilisation/degradation can be a ttributed to the  regulatory enzym e, neutral trehalase.
spore germ ination and  changes in ferm entative grow th, (Inoue and Shim oda, 1981; U no et. al., 
1983b Thevelein and Jones, 1983; D ew erchin and V an Laere, 1984; Thevelein, 1984b; C arrillo  et. 
al., 1992; Soto et. al., 1995) in w hich there is a  rap id  change in  neutral trehalase activity. R esearch
stressors (Van Laere, 1989; D e V irgilio et. al., 1990). In yeast, there are tw o types o f trehalase, a
trehalose breakdow n. T he regulatory or neutral trehalase has a  neutral pH  optim um , low er stability  
and can be post-translationally  activated by cA M P-dependent phosphorylation (O rtiz et. al., 1983a; 
A rguelles et. al., 1986; Thevelein, 1988). E vidence dem onstrating the regulatory role o f  the  R A S- 
adenylate cyclase signal pathw ay involved in trehalase activation com es from  b iochem ical and
Trehalose m obilisation  is a d istinct feature o f several developm ental processes in fungi, such as
has also show n trehalase to be involved in trehalose m obilisation  in yeast cells under a  variety  o f
non-regulatory or acid  trehalase that has a  low pH  optim um , high  stability  and does n o t regulate
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genetic studies w here the addition o f  glucose to  derepressed yeast cells causes a  rap id  increase in 
cA M P levels w hich triggers a  cA M P-dependent pro tein  phosphorylation cascade (O rtiz et. al., 
1983b; U no et. al., 1983; Thevelein, 1984; Thevelein and B eullens, 1985; T hevelein , 1991, 1992), 
leading to  increased activation o f  trehalase.
In the fission  yeast Schizosaccharom yces pombe, a  sim ilar cA M P-dependant pathw ay to  the  one 
present in  S. cerevisiae, has also been im plicated in the  post-translational regulation  o f  neutral 
trehalase (C arrillo et. al., 1992). Input o f cA M P-m ediated signal tha t triggers trehalase  activation  is 
induced by  addition o f glucose o r other com pounds to depressed cells, and the reversib le  p ro te in  
phosphorylation is v iew ed as the  m echanism  responsible fo r transduction  o f  such a signal in to  the 
active response (C arrillo et. al., 1994).
S tressing yeast cells by heat shock results in a  rapid  increase in  enzym e activities w hich synthesise  
and degrade trehalose (trehalose-6-phosphate phosphatase/synthase and neutral trehalase  
respectively), suggesting increased turnover in trehalose (H ottiger et. al., 1987b; D e V irgilio  et. al., 
1991b). There  are a  num ber o f explanations to the rapid  accum ulation o f trehalose in  response  to 
heat stress. C onflicting theories as to w hether accum ulation results e ither from  heat-induced  
changes in the activity o f these m etabolic enzym es (H ottiger et. al., 1987b, D e  V irg ilio  et. al., 
1991b) o r possib ly  an increase in the concentration o f the substrates fo r trehalose-6-phosphate  
synthase (W inkler et. al., 1991) have been pu t forw ard. N eves and Francois (1992), d ispu te  the 
above findings w ith their ow n interpretation by w hich rapid  accum ulation o f trehalose is induced  by 
heat-shock, as a consequence o f tem perature dependent m odifications in the k inetic  properties o f  the 
enzym es, rather than changes in the am ount o f these enzym es. E vidence p resen tly  availab le 
concerning the accum ulation o f  trehalose during a  period  o f  heat stress and  its subsequen t 
degradation during recovery, suggests that it plays a  role in  the stress response.
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The relationship betw een changing trehalose levels and hsps has been  substan tia ted  by data 
suggesting tha t the 70  kD  protein  o f the SSA  subfam ily  o f  the hsp70 fam ily, are negative regulators 
o f  heat-induced trehalose accum ulation and have a  possib le  ro le in  recovery  from  a heat-stressed  
state (H ottiger et. al., 1992). T he utilisation o f trehalose as a  b iochem ical m arker to  fo llow  changes 
in  heat stress in  conjunction w ith the role o f  hsps in  the  recovery phase  w ould  g ive a greater 
understanding o f  the underlying m echanism s associated  w ith  this phenom enon.
1.6 Heat Stress and S erp u la  Species.
M ost b iological organism s can respond to a variety  o f  external stim uli in specific  w ays involv ing  
biochem ical changes, w hich in som e instances m ediate  changes in  d ifferentiation. In th e  case o f S. 
lacrym ans heat stress caused by elevated tem peratures has been  investigated  (C artw righ t and 
Findley, 1934; L angvad and G oksoyr, 1965; Langvad, 1972; W hite et. al., 1995). T he tem perature 
sensitivity o f S. lacrym ans has been w idely docum ented  and tem peratures o f  approxim ately  28 °C 
have been reported  as being incom patible w ith  grow th (Jennings and B ravery, 1991); op tim um  
grow th occurs at 21 - 25 °C. Tem peratures greater than 30 °C are lethal to  S. lacrym ans  though 
different strains m ay respond to slightly different lethal tem peratures. S. him antioides  on the o ther 
hand has been show n to be therm otolerant in com parison, as it grow s at 30 °C at a  ra te  little  low er 
than at 25 °C (Seehann and R iebesell, 1988)
It has been suggested  that transient therm otolerance m ay be induced in  S. lacrym ans  and S. 
him antioides by  subjecting colonies to sublethal train ing  tem perature regim es (W hite et. al., 1995). 
In this study, fungal cultures w ere subjected to a  variety  o f tem perature reg im es designed  to 
investigate the  induction  o f the heat-shock response and subsequent pro tection  against exposure  to  
extrem e tem peratures.
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The possible m echanism s involved in the heat-shock response outlined in th is chapter w ere 
investigated to  ascertain w hether or not they occur in Serpula  species during induced transient 
therm otolerance and follow  the classic  heat-shock response. C om parative studies using  tw o other 
eukaryotic system s as m odels, nam ely chick em bryo fibroblasts and S. cerevisiae  w ere  included 
allow ing any differences betw een the three system s to  be evaluated. The follow ing schem atic 
(Figure 1.3) outlines the different pathw ays involved in the  heat-shock response, and show s 
possible m ulti-regulatory roles associated w ith the response.
STRESSORS
Amino acid analogues, 
truncated /mutated
Heat, ethanol, salt and 
arsenite
Figure 1.3. Possible pathw ays involved in the heat-shock response.
20
1.7 Aims and Objectives
The experim ental ra tionale  beh ind  the research undertaken w as to  develop a  system  to  exp lo re  the  
effects o f sublethal tem perature training regim es (W hite et. al., 1995) on cultures S. lacrym ans  and
S. him antioides at the cellu lar and m olecular level. The prim ary aim  was to estab lish  w hether the 
sublethal tem perature regim es used, effectively induced therm otolerance w ith  respect to  specific  
m olecular changes involved  in  the developm ent o f  the  heat-shock  response in  the  tw o Serpula  
species. This w as achieved  by  investigating the various aspects o f  this response sum m arised  in  
F igure 1.3.
The specific aim s o f  the  research w ere as follows: -
(i) M etabolic labelling  studies u tilising the radioactive isotope, 35S-m ethionine w ere in itia ted  to 
ascertain any overall changes in synthesised proteins. T he labelling  studies w ere to p rovide 
m olecular ev idence as to  w hether S. lacrym ans and S. him antioides have the ability  after p re­
conditioning at sublethal tem peratures, to survive an extrem e heat treatm ent w ith  the resum ption  
o f protein synthesis during the recovery period. Specific changes in the  patterns o f  pro tein  
synthesis w ere investigated  to provide possible evidence linking the induction o f hsps to  acquired  
therm otolerance, during the sublethal and extrem e tem perature regim es im posed.
(ii) To dem onstrate any changes in m R N A  transcripts expressed  during the d ifferent tem perature  
regim es by in vitro  translation studies, w ith particu lar em phasis on the expression o f possib le  hsp 
precursors.
(iii) The im m unological identification o f specific proteins related  to the heat-shock  response, in 
particular to detect cross reactive hsp60 and 70 antigens, w hich play key roles in th is response.
( iv )  To determ ine by im m unological m ethods, w hether changes in protein  ub iqu itina tion  occur 
resulting from  exposure  to sublethal and extrem e tem perature regim es.
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(v) T he signalling pathw ay, the A M P-activated  protein  k inase (A M PK ) cascade, has been  show n to 
have a physiological ro le in  conserving the A TP by  inh ib iting  a num ber o f b iosynthetic  pathw ays 
during periods o f stress. A lthough th is enzym e has been identified  and characterised  in ra t liver 
extracts, and a hom ologue has been identified in  h igher p lants and in the  yeast S. cerev isiae , 
A M PK  has no t been investigated  in any basidiom ycetes to date. W ork  w as carried  ou t to  
establish  w hether th is enzym e could  be detected in a  novel system  such as the Serpula  species.
(vi) C lose exam ination o f  hsp 70  and its integral ro le in the  heat-shock  response has to  date only  
been in itia ted  in  the  basidiom ycete U. m aydis (H olden et. al. 1989) and A garicus b isporus  
(Schaap et. al. 1996). Studies w ere undertaken to  m onito r specifically  hsp 70 transcrip ts and the 
genom ic D N A  by R T -P C R  and PC R  respectively, w ith  subsequent cloning and sequencing  o f  the 
am plified products.
(vii) Studies w ere in itia ted  to m onitor the levels o f trehalose, and its degradative enzym e trehalase, 
w ith respect to changes in tem perature, and to also evaluate w hether under the  sublethal 
tem perature regim es im posed, a direct correlation betw een increased levels in trehalose and 
increased therm otolerance could  be ascertained.
22
CHAPTER TWO
MATERIALS AND METHODS
2.1 Culture, Growth, Maintenance and Harvesting.
2.1.1 S .  l a c r y m a n s ,  S .  h i m a n t i o i d e s  and C o n i o p h o r a  p u t e a n a  Isolates Used in Studies.
T he isolates o f  Serpula  species used routinely  in  this study w ere S. lacrym ans  (S chum acher 
ex  FR ), G ray, F P R L  12C and S. him antioides (Fr. ex Fr.) K arst, B b24. T he iso la te  o f  C. 
puteana  (Schum acher ex FR), K arsten, F P R L  11R was only used  in  the  im m unolog ical 
studies.
2.1.1.1 Culture Maintenance.
S. lacrym ans (12C), w as routinely cultured at 22  °C in  a  cooled incubator (G allenkem p coo led  
incubator), w hile  S. himantioides (Bb24) and C. puteana  (11R) w ere rou tinely  cu ltured  a t 25 
°C. T he fungal isolates w ere obtained from  the B uild ing R esearch E stab lishm ent, G arston,
U .K . and m aintained on 2% (w/v) m alt ex tract /  1.5% (w /v) agar. M edia  w as au toclaved  fo r 
20 m ins at 15 Psi. and cooled to 50 °C. T he m edia  w as either poured  into 9cm  S terilin  Petri 
dishes to a  depth  o f approxim ately 8 m m  or used  to prepare slopes in  sterile  un iversal ja rs  for 
m ain tenance o f  long term  stocks. Long term  storage w as in  the form  o f slopes kep t at 4°C  
fridge (Lee), and sub-cultured every 6 m onths.
2.1.1.2 Culture Training Conditions Used for Analysis of Induced Thermotolerance and 
Extreme Heat Treatment.
T he tra in ing  regim es utilised in this study w ere first p roposed by  W hite  et. al., (1995), in  
w hich it w as suggested that transient therm otolerance m ay be induced in S. lacrym ans  (12C ) 
and S. him antioides (Bb24) by subjecting colonies to sublethal tem perature tra in ing  regim es. 
M ycelial plugs, 5 m m  in diam eter were taken from  the peripheral m argin  o f  2  - 3 w eek  old
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stock plates and inoculated onto sterile 9 cm  Petri dishes containing 20 ml o f  sterile low  
nutrient m edia (LN M ) based on H utterm an and V olger, (1973) 2.5 g D -glucose (anhyd.);
0.5 g K H 2P 0 4, 0.305 g M g S 0 4-7H 20 ;  0.25 g KC1, 0.004 g NH^NCh; 0.005 g FeSG 4.7H20 ;
0.004 g M n(C H 3C 0 0 2).4H 20 ;  0.01 g Z n (N 0 3)2.6H20 ;  0.025 g C a (N 0 3)2.4H20 ;  0.001 g 
C u S 0 4 (anhyd.); all com ponents dissoved in 500 m l o f  dH 20 .
Figure 2.1 A  and B illustrates cultures o f  12C and Bb24 respectively grow n on m inim al m edia 
at optim al conditions before sublethal training tem perature  regim es w ere im posed.
A B
Figure 2.1 A and B. Liquid m inim al m edia cultures o f  12C (A) and B b24 (B ) grow n at 
optimal conditions o f  22 °C and 25 °C respectively p rior to  exposure to  sublethal train ing  
regimes.
Liquid cultures w ere placed in tin boxes and incubated at the appropriate optim um  
tem peratures for S. lacrym ans an d  S. him antioides until the m ycelium  had reached 
approxim ately 80 mm in diam eter. At this point the  cultures w ere placed at the varying 
tem perature regim es outlined in F igure 2.2.
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H eat trea tm en t o f S. lacrym ans (12C): -
F or S. lacrym ans  (12C), T rain  A  and B correspond to cultures p laced  at sublethal tra in ing  
reg im es at 28 °C fo r 24 hrs and 25 °C for 48 hrs respectively  p rio r to  ex trem e heat treatm ent at 
40  °C  fo r 2 hrs. T rain  C  relates to  cultures grow n at op tim um  conditions (22 °C fo r 24  hrs) 
again  p rio r to  heat-shock treatm ent. A fter extrem e heat treatm ent all the  cu ltures w ere 
re turned  to  op tim um  conditions, 22  °C fo r 24 hrs to recover.
H eat trea tm ent o f  S. him antioides (Bb24): -
F o r S. him antioides  (Bb24), T rain  A  and B correspond to  cultures p laced  at sublethal 
tem peratures o f  28 °C and 30 °C, respectively fo r 48 hrs p rio r to extrem e heat trea tm ent at 40  
°C fo r 3 hrs. T rain  C again responds to  optim um  conditions (25 °C for 24 hrs), p rio r to 
extrem e heat treatm ent. A fter extrem e treatm ent all the cultures w ere p laced  back  into 
op tim um  condition  for a  period o f 24 hrs to  recover.
H eat T reatm ent o f C. puteana  (1 1R): -
C ultures o f C. puteana  were incubated under the exact conditions fo r B b24 con tro l cultures 
exposed  to  T rain  C tem perature regim es.
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F ig u re  2 .2 . F low  diagram  representing the experim ental outline for the exposure  o f  S. 
lacrym ans (12C) and S. himantioides (Bb24) cultures to  the varying train ing regim es.
2.1.1.3 M e ta b o lic  L ab e llin g  o f  C u ltu re s
To m onitor protein  synthesis, Bb24 and 12C cultures w ere labelled  w ith L -[35S ]-m eth ionine 
(74 M B q stock  o f  L -[35S]-m ethionine (cat. no. SJ204, A m ersham  In ternational L im ited , U K ), 
was added at a  final concentration o f  8.2 M B q per 20 m l o f  grow th m edium  fo r bo th  B b24 
and 12C cultures) for 3 hrs, im m ediately p rio r to harvesting, w ith the excep tion  o f  12C 
extrem e heat-treated  cultures w hich w ere labelled  fo r only  2 hrs.
26
2.1.1.4 Harvesting of Cultures
LN M  grow n cultures w ere harvested during the train ing, ex trem e treatm ent and  recovery  
periods as follow s: the  inoculation cores w ere d iscarded  and  m ycelial m ats, b riefly  b lo tted  dry  
on W hatm an 3M M  paper to  rem ove excess liquid  and  quick ly  im m ersed  in liqu id  n itrogen  (in  
the case o f  labelled m aterial, the im m ersion into liqu id  N 2 stopped  any fu rther incorporation  
o f the radioisotope). Frozen m ycelium  w as stored at -20 °C or under liqu id  n itrogen  (w here 
stated) un til further processing  was required. The non-labelled  11R cultures w ere harvested  in  
the sam e m anner as B b24 and 12C.
2.1.2 S a c c h a r o m y c e s  c e r e v i s i a e .
2.1.2.1 Culture and Maintenance.
T he w ine strain, L -2226 was used in this study as a  fungal control fo r com paring  the 
production o f hsps under heat stress. Routine m ain tenance on m edia  slopes 3 % (w /v) M E  A,
0.5 % (w/v) m ycological peptone and 1 .5 %  (w/v) agar at 30 °C. L iquid  stocks w ere p repared  
by inoculating 50 m l flasks containing EM M 3 m edia, w ith  a sterile loop w ith yeast cells. T he 
liquid  stocks w ere m aintained at 30 °C overnight un til the  cells had reached  a late  exponential 
grow th phase. T he cell count was m easured using a cou lter counter (C oulter E lectronics L td .) 
according to the m anufacturer’s instm ctions, and w as approxim ately  2 0  x 1 0 6 cells/m l o f  
m edium . 3 m l o f the stock was inoculated into 50 m l o f fresh  EM M 3 m edium  and incubated  
fo r approxim ately 16 hrs prior to undergoing the tra in ing  regim es. F or com parative w ork  it 
was essential that the yeast stocks underw ent sim ilar tra in ing  regim es to that o f Serpula  
species.
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The com ponents fo r M odified  Edinburgh M inim al M ed ium  (EM M 3) w ere p repared  
separately and m ixed  aseptically  ju s t prior to  use.
B ase M edium
G lucose 2 0  g
A m m onium  Sulphate 5 g
N a H P 0 4 1.5 g
dH 20 500 m l
Solution was pH  to 5.5 and autoclaved fo r 20 m in  at 15 Pi.
Salt M edium
KC1 0.5 g
M g S 0 4 .7H20 0.5 g
C aC l2 .6H20 0.015 g
dH 20 500 m l
Solution was pH  to 5.5 and autoclaved for 20 m in at 15 Pi.
T he base and salt m edium  w ere m ixed  aseptically  to  give 1 1 o f m edium , to  w hich
1 m l o f filter sterilised 1 0 0 0  x stocks o f trace elem ents and v itam ins w ere added  at
a final concentration as follows
Trace E lem ents
H 3B O 3 0.5 m g
M n S 0 4 .H20 0.4  m g
Z n S 0 4 .7H 20 0.4  m g
FeC l3 .6H 20 0 . 2  m g
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V itam ins
H 2M 0 O4 .H 2O
K I
Cu S 0 4 .5H20  
C itric A cid
0 .16 m g 
0.16 m g 
0 .04 m g 
1 m g
Inosital 10 m g
N icotin ic A cid  10 m g
C alcium  Pantothenate 1 m g
B iotin  0.1 m g
Pyridoxine-H C l 0 .4  m g
Thiam ine-H C l 0 .4  m g
p-A m inobenzoic  A cid 0 .2  m g
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2.1.2.2 Heat Treatment Regimes.
D uplicate flasks o f  exponentially  grow ing yeast cells underw ent the fo llow ing  heat treatm ent 
regim es by  p lacing  them  in pre-heated w ater baths at the  appropriate tem peratures fo r 1 h r as 
illustrated  in  F igure  2.3.
30 °C/1 hr (Optimum)
I
42 °C /1 hr (Sublethal)
1
52 °C/ 1 hr (Extreme)
i
30 °C/1 hr (Recovery)
Figure 2.3. H eat treatm ent regim es em ployed  in  yeast studies. T he op tim al regim e for 
actively  grow ing yeast cells is betw een 23 - 36 °C (M cA lister and F inkelste in , 1980). The 
tem perature o f  42 °C has been used in o ther studies to dem onstrate induced  therm oto lerance 
in  yeast cells (B irch, 1997). W hile exposure o f control cultures to 52 °C has been 
dem onstrated  to  be an extrem e tem perature w hich can effectively  k ill (M cA lister and 
Finkelstein , 1980, H o ttige re t. al., 1994a).
2.1.2.3 Cell Harvest.
Y east cells w ere harvested  by  filtering through 0 .2pm  W hatm an A nodise 25 m em brane filter 
and w ashed 2  x ice cold dH 2 0 . The filter containing yeast cells w ere transferred  into 
centrifuge tubes and im m ersed in liquid  nitrogen until cells w ere snap-frozen. T he frozen 
centrifuge tubes w ere stored at -20 °C until fu rther processing.
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2.1.3.1 Culture and Maintenance of CEF Cell Line.
T he ch ick  em bryo cell line was established from  9-12 day  o ld  em bryos and cu ltu red  onto 
supplem ented  D ulbecco’s M odified Eagles M edium  (D M EM ): 100 m l D M E M  (S igm a); 10 
m l Foetal ca lf  serum ; 3.1 m l (100 X  stock) 1 X  Penicillin /S treptom ycin; 200 m l L-glutam ine. 
T he cell line  w as m aintained at 37 °C w ater saturated  atm osphere con tain ing  5 % C O 2 
incubator. O nce the cell m onolayer was confluent, the cells w ere sp lit and subcultured  in  fresh
r\
m edium  onto 6  cm  sterile Petri dishes at appropriate dilutions.
2.1.3.2 Heat Treatment Regimes.
T he C E F cells w ere heat-shocked by  directly  p lacing them  into a 42  °C incubator (saturated  
atm osphere containing 5 % C 0 2) for 1 h r and p laced back  into optim um  conditions o f 37 °C 
to recover for 1 hr. C ultures were harvested  for b iochem ical analysis after each the heat 
treatm ents im posed.
2.1.3 Chick Embryo Fibroblasts (CEF).
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2.2 Protein Separation by 1-Dimensional Electrophoresis.
2.2.1 Sample Preparation of Mycelium.
A ll steps w ere perform ed on ice at 4  °C.
2.2.1.1 Sample Preparation - Method 1.
Frozen  sam ples o f  m ycelium  w ere initially  ground to a  fine slu rry  in  200  p i o f  H om ogenising  
buffer A , ice cold  Phosphate B uffered Saline (PBS lOmM , pH  7.4, p re-m ade tab lets from  
S igm a containing 1 m M  PM SF, 1 m M  benzam adine, 1 m M  E D T A ) using  a pestle  and  m ortar 
on ice at 4  °C. T he hom ogenate was m icrocentrifuged (C enturion 8000 Series, N orlab  
Instrum ents Ltd.) for 10 m in at 12, 500 rpm  at 4  °C and stored at -20 °C.
2.2.1.2 Sample Preparation - Method 2.
H om ogenisation o f  Frozen M ycelium Using Seesand.
Pooled  colonies o f upto three replicates o f frozen m ycelium  w ere hom ogenised  in  an 
eppendorf w ith a m icro pestle and 1x10th volum e o f  acid w ashed  Seesand (F luka) and 300 p i 
o f  hom ogenising  buffer B (50 m M  Tris-H Cl, pH 7.4  contain ing  the fo llow ing  :-10 % (v/v) 
G lycerol, 1 m M  ED TA , 1 m M  EG TA , 50 m M  N aF, 5 m M  N aPP i, 0 .02%  (w /v) B rij, 1 p g /m l 
SB T I (d issolved in u-p d ^ O ) ,  1 mM  D TT, O .lm M  PM SF, 1 m M  benzam adine) un til the 
m ycelium  had been thoroughly broken up (approxim ately  30 sec). T he sam ple w as 
m icrocentrifuged for 5 m in at 10, 000 g  at 4 °C. T he resu ltan t supernatant w as d iv ided  in to  
aliquots, snap frozen in liquid nitrogen and stored at -20  °C until fu rther required . F o r 
preparation o f 2D  SD S-PA G E sam ples, the  hom ogenising bu ffer w as substitu ted  fo r 2-D
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sam ple bu ffer (2.5 m l 0 .5M  Tris, pH  6 .8 , 2.5 m l 10 % (w /v) SDS, 2.5 m l 1 M  D T T , 17.5 m l u- 
p dH 20 ) .
F urther refinem ent o f the procedure by  concentrating the am ount o f  protein  p resen t in  a  given 
sam ple was achieved by  freeze drying o f  the supernatant. lOOpl o f  supernatant w as added to 
an E ppendorf. Sam ples w ere freeze dried (Edw ards F reeze D ryer M icro  M odalyo) fo r 1 hr, 
after w hich the precipitated  m aterial was stored at -20°C until further processing.
2.2.1.3 Preparation of Radioactive Material.
Snap frozen labelled m ycelia  w ere disrupted in  300 p i o f  ice co ld  hom ogenising  b u ffe r B 
using  Seesand on ice at 4 °C. Extracts were centrifuged (IEF C entra-4R ) for 10 m ins at 3000 g  
set fo r 4  °C, the  resultant supernatants refrozen in liqu id  N 2 and stored at -20 °C un til fu rther 
processing. F or long term  storage, supernatant aliquots w ere stored under liquid  nitrogen.
2.2.1.4 Radioactive Incorporation of 35-S-methionine - TCA Precipitate and Scintillation 
Counting.
The rad ioactiv ity  incorporated  into proteins was determ ined by  10 % (w/v) T C A  precip ita tion  
o f labelled  cell extracts, fo llow ed by  the counting o f radioactiv ity  in sam ple p rec ip ita tes by  
m eans o f  a LK B W allace 1216 R ackbeta scintillation counter. 5 p i o f labelled  sam ple p ipetted  
onto W hatm an glass fibre disc (G F/C) and air dried. T he filters w ere p lunged in to  ice  co ld  10 
% T C A  solution and left for 30 m ins after w hich the discs w ere w ashed in fresh  10 % cold  
T C A  solution 3 x 5  m ins. Excess liquid was drained o ff onto b lue roll and the d iscs w ere 
transferred  into clean 10 m l beakers and rinsed w ith ice cold absolute ethanol 3 x 5  m ins. T he 
w ashed discs w ere air dried as before and transferred  into scintillation vials con tain ing  4  m l o f 
E cosyn t A  (N ational D iagnostics). The am ount o f radioactive counts present w as m easu red  by
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a scin tilla tion  coun ter (LKB W allace, 1216 R ackbeta L iquid  Scin tillation C ounter linked  to  a  
W ilker D ig ita l D ecw riter IV) w hich was program m ed to read counts fo r [35S]L -m ethionine.
2.2.1.5 Determination of the Protein Content Present in the Fungal Culture 
Supernatants.
T he am ount o f  protein  present in non-labelled  sam ples was determ ined by  the P ierce p ro tein  
m icro-assay (P ierce C oom assie Protein A ssay  R eagent) based on the  B radford  m ethod  
(B radford, 1976) according to the m anufacturers instructions
2.2.2 Sample Preparation of Yeast Cells for Analysis.
2.2.2.1 Sample Preparation of Non-labelled Material.
M em brane filters containing yeast cells w ere thaw ed and resuspended  in  300 (il o f  
hom ogenising  buffer C and vortex m ixed fo r 2 x 30 sec (PBS containing a cocktail o f  pro tease 
inh ib ito rs:-l m M  benzam adine, 1 m M  ED TA , 1 m M  PM SF, 10 m M  N aF, 10 |ig /m l pepstatin
A). T he cells w ere transferred into E ppendorf tubes containing 0.75 g o f p re-coo led  sterile 
glass ballo tin i beads (size 0.49-0.70 m m , Jencons Scientific Ltd.) and vortex  m ixed  fo r 5 x 1 
m in intervals. T he cell lysates w ere centrifuged, collected  and stored at -20°C  until fu rther 
processing. T he proteins w ere concentrated by freeze drying as described in  Section  2 .2 .1 .2 .
2.2.2.2 Determination of the Protein Content of Yeast Cells.
The am ount o f protein  present in sam ples w ere determ ined by  the P ierce p ro te in  m icro-assay  
based on the B radford  m ethod (Bradford, 1976) as described in Section 2.2.1.5.
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2.2.3 Sample Preparation of Chick Embryo Fibroblasts for Analysis.
T he grow th m edium  w as rem oved and the cell m onolayer w as rinsed  2 x  sterile  PB S. T he 
petri dishes w ere inverted  onto paper roll to  allow  the  excess liqu id  to drain off. A fte r w hich 
500 p i o f  2-D  sam ple buffer was added to the  m onolayer scraped w ith a s terile  b lue tip w ith  
the end  cu t off. T he sam ple was transferred to  a  fresh  eppendorf and m icrocentrifuged  10, 000 
g  fo r 3 m ins and stored at -20 °C until required. Pro tein  conten t w as m easured as described  in  
Section 2.2.1.5.
2.2.4 Electrophoretic Separation of Proteins by 1-D SDS-PAGE.
The equipm ent used  fo r the m ini-electrophoresis system  w ere as fo llow s:- F E C  185 D ual 
M ini-V ertical G el System , (Fisons Pic.) M igh ty  Sm all System  (H oefer Instrum ents L td.), 
M ini Protean II System  (Bio-Rad) and a m icrocom puter electrophoresis pow erpack  un it 
(C onsort E445). P lates, spacers and com bs w ere soaked in concentrated D econ 90 overnight, 
scrubbed gently  w ith a soft toothbm sh to rem ove any acrylam ide particles from  the surface, 
rinsed thoroughly  in ho t running water, soaked briefly  in  0.1 % H 2S 0 4 and finally  im m ersed  
in u-p  dH 20 .  T he glass plates w ere then dried  w ith  70  % absolute alcohol and assem bled  
together according to the m anufacture instructions. A cry lam ide/B isacry lam ide solutions 
supplied by  Fisons. A ll solutions w ere filtered  through W hatm an N o. 1 p rior to  use  and stored 
in the  dark at 4  °C. Phigel 3 (37.5:1 acrylam ide: N , N -m ethylenebisacrylam ide) 40  % w /v 
stock solution.
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2.2.4.1 Preparation of Gels.
T he proteins ex tracts w ere analysed by 1-D SD S -PA G E  based on the m ethod o f  L aem m li 
(1970). T he sing le  concentration gels (37.5: 1 acrylam ide: b is-acrylam ide) used  consisted  o f
12.5 % reso lv ing  gel w ith a  5 % stacker.
R esolving G el Buffer
45.38 g T ris and 1.00 g SDS dissolved in d fk O , pH  adjusted  to  8.9 w ith concen trated  (cone.) 
HC1 before  being  m ade up to a final volum e o f 250 m l. S tock  solution stored at 4  °C, aliquots 
a t -20 °C.
Stacking G el Buffer
14.73 g T ris and 1.00 g SDS dissolved in d ^ O ,  pH  adjusted  to  6.7 w ith cone. HC1, before 
being m ade up to a  final volum e o f  250 m l. S tock so lu tion  stored at 4 °C, aliquots a t -20 °C.
12.5 % Resolving G el M ix
A crylam ide 
R esolving gel buffer 
dH 20
7 .5m l 
6  m l 
8  m l
1 2  m l o f the stock gave enough to  pour tw o m ini-gels, 
polym erisation was activated by  the addition o f the follow ing:-
1 0  % (w /v) am m onium  persulphate 1 0 0  |il
TE M E D  5 p i
T he resolving gel m ix w as poured to  2 cm  from  the top o f the glass plates. W ate r saturated  
butanol w as overlaid  onto the freshly poured reso lv ing  gel m ix  to  prevent desiccation  during
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polym erisation. O nce set gel is set the surface w as rinse  w ith  1:4 d ilution o f the  reso lv ing  gel 
buffer to  rem ove any  residue o f the butanol. I f  the gels w ere not used im m ediately , they  w ere 
overlaid  w ith  1:4 resolving gel buffer and stored overn ight a t 4  °C until required . W hen  
sam ples w ere ready  to  be loaded, the 1:4 reso lv ing  gel buffer w as rem oved from  the  top  o f 
the  gel, the  5 % stacker was poured to the  top o f the  glass plate rim  and the 10 w ell com b 
pushed  dow n in to  place. Once the gel had set, the sam ples w ere loaded in to  the  w ells.
5  % Stacking G el M ix
A crylam ide (40 % solution) 3 m l
S tacking gel buffer 6 m l
dH 20 14 m l
6 m l o f  the stock gave enough to  pour tw o stackers and the po lym erisa tion  was 
activated  by  the following: -
10 % (w /v) am m onium  persulphate 50 jitl
T E M E D  2.5 p i
2.2.4.2 Sample Preparation and Loading.
The supernatant w as prepared fo r electrophoresis by 1:1 ratio  w ith  2 x SD S sam ple bu ffer 
(0.31 m l 20 % (w /v) SD S, 0.24 m l 1 M Tris, pH  6.8, 0.3 m l 1 M  D TT, 0.3 m l, G lycerol, 50  p i
0.2 % (w /v) B rom ophenol blue, dH 2O 0.345 m l, Laem m li, 1970) to  give a  lx  strength  
containing the fo llow ing  concentrations:- 2 % (w/v) SD S; 0.1 M  D TT; 0.08 M  T ris, pH  6.8; 
10% (v/v) glycerol) to one part supernatant. T he sam ples w ere boiled  fo r 3 m ins and 
m icrocentrifuged fo r 5 m ins at 12, 500 rpm , and w ere subsequently  loaded  as fo llow s: - 
radiolabelled  and non-labelled  sam ples w ere norm alised fo r total protein  content.
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Standard proteins (Dalton SDS-7, Sigma, molecular weight ranges 14.2 - 6 6  kD, Sigma), low 
(1 4 C) Methylated Rainbow Markers (Amersham International, molecular weight ranges 2.35 - 
46 kD) and high (1 4 C) Methylated Rainbow Markers (Amersham International, molecular 
weight ranges 14.3 - 220 kD). Standards were prepared according to the manufacture’s 
instructions and stored at -20 °C in 20 pi aliquots. Prior to use the SDS-7 markers were diluted 
1:10  with 2 x cracking buffer and heated at 100 °C for 3 mins, the low and high molecular 
weight markers were diluted 1:3 with 2 x cracking buffer and treated as for the standard 
protein markers. The prepared markers were microcentrifuged for 3 mins at 10, 000 g, just 
prior to loading.
2.2.4.3 Protein Separation.
The electrode tank buffer was made up to 5 x strength (15.15 g Tris, 72 g Glycine, 5 g SDS, 1 
1 dH2 0) and diluted to 1 x with u-p dH20  before a gel run. The stock was stored at 4 °C. 
Proteins were separated on the single concentration 1-D polyacrylamide slab gels at a constant 
current of 15 mA per gel for approximately 2 hrs at room temperature with cold running water 
used as a cooling system. Following electrophoresis, the gels were either stained (Section 2.4) 
or electrophoretically transferred (Section 2.5) to nitro-cellulose membrane for further 
analysis.
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2.3 Protein Separation by 2-Dimensional Gel Electrophoresis.
The protocols used for analysis of proteins by 2-D electrophoresis were based on the methods 
originally set out by O’Farrell (1975).
2.3.1 Preparation of Samples and 2-D Markers for First Dimension Tube Gel 
Electrophoresis.
2.3.1.1 Sample Preparation - Method 1.
Extraction of labelled and unlabelled intracellular proteins from harvested cultures for 2-D 
electrophoresis was prepared in the first instance as for the routine sample preparation for 1-D 
analysis (Section 2.2.1). Concentration of proteins in samples was achieved by freeze drying 
of cell lysates (Section 2.2.1.2) and the resultant lyophilised material was reconstituted in 10 - 
30 pi of 2-D sample buffer (2.5 ml 0.5M Tris, pH 6 .8 , 2.5 ml 10 % (w/v) SDS, 2.5 ml 1 M 
DTT, 17.5 ml u-p dH2 0) and stored at -20 °C until required.
2.3.1.2 Sample Preparation - Method 2.
The method of extraction was based on homogenising frozen mycelium with Seesand (Section
2.2.1.2). The resulting supernatant from this extraction was freeze-dried and reconstituted at 
RT in diluting buffer (9.5 M u-p Urea, 5 % v/v NP40, 2 % v/v Ampholines pH 3.5-9.5, 50 
mM DTT, mixture was filtered through a 0.45 pm Whatman disc and stored as frozen 
aliquots). Samples were either run immediately or stored at -20 °C.
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2.3.1.3 Preparation of 2-D Marker Proteins.
Commercially pre-mixed 2-D markers from Biorad (cat. 161-0320) were prepared and used 
according to the manufacture instructions.
2.3.2 Separation of Proteins by Non-Equilibrium pH Gradient Electrophoresis (NEPHGE) in 
the First Dimension.
Samples were separated in the first dimension by non-equilibrium pH gradient electrophoresis 
(NEpHGE) as essentially described by O’Farrell (1975). All buffers and overlay solutions 
were filtered through a 0.45 pm Whatman disc and stored as frozen aliquots at -20 °C.
2.3.2.1 Preparation of Capillary Glass Tubes.
Glass capillary tubes with an internal diameter of 1 mm were soaked as described for the glass 
plates (Section 2.2.4), with a minor alteration of drying the glass tubes at 37 °C. The tubes 
were marked 2 cm from the top and sealed at the bottom with parafilm and pre-warmed for 30 
min at 37 °C just prior to loading the gel mixture. The tubes were supported on a rack 
supplied by Fisons Pic.
2.3.2.2 Preparation and Loading of Gel Mixture
The first dimension gel mixture of 9.2 M u-p Urea (Fluka), 6 . 8  % (v/v) NP40, 5 % (w/v) 
Acrylamide, 0.25 % (w/v) Bisacrylamide, 8.5 % (v/v) Ampholine mix (Pharmacia-Biotech) 
was incubated at 37 °C until all the urea had dissolved, at which point the polymerisation 
agents were added (12 pi 10 % (w/v) ammonium persulphate and 10 pi TEMED). The mixture 
was loaded into the tubes using a 5 ml syringe and needle to a 2 cm mark from the top. 2-D
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overlay ( 6  M Urea) was added (using a 1 ml Hamilton glass syringe) to the top of the gel and 
left at RT for 1 hr to set. The overlay was then replaced with lysis buffer (9.5 M u-p Urea, 2 % 
(v/v) NP40, 50 mM DTT, 2 %w/v Ampholines pH 3.5-9.5) and sealed with parafilm. The tubes 
were normally prepared for electrophoresis a day in advance and stored at RT until required, 
with the lysis overlay intact.
2.3.2.3 Preparation of Samples for First Dimension Gel Electrophoresis.
50 pi aliquots was defrosted, microcentrifuged for 3 mins at 12, 500 rpm. For every 10 pi 
aliquot of sample, 8  mg of u-p urea and 20 pi of diluting buffer (9.5 M u-p Urea, 5 % (v/v) 
NP40, 2 % w/v Ampholines pH 3.5-9.5, 50 mM DTT) was added. The mixture was incubated 
at 37 °C to assist the solubilization of the urea. The sample mixture was then ready to be 
loaded onto a tube gel.
2.3.2.4 Protein Separation by NEPHGE.
The lysis buffer was removed from the top of the tube gels and the samples were loaded 
(equalised for counts). The sample was then overlaid with 2-D sample overlay ( 8  M Urea 
containing 1 % (v/v) Ampholines, pH 3.5-9.5) to ensure entrapment and this was filled to the 
top of the glass tube. Pre-loaded tube gels were placed into the Shandon Disc Electrophoresis 
Unit, IN NaOH and 0.2 M H2 PO3  buffers were poured into the top and bottom chambers of 
the unit respectively. Upto 8  tube gels could be run at any one time and a standard run would 
include at least one tube gel containing marker proteins (Biorad Pre-Mixed 2-D Standards, 
loaded according to manufacturers instructions). In some instances the markers would be co- 
electrophoresed with a given sample. Volumes of marker proteins loaded varied for 
optimisation between 20 - 40 pi. Tube gels were run at 500 V for 6  h (3000 V/ h) at RT.
41
2.3.2.5 Extraction of Gels and Storage.
Once the tube gels had run to completion, the gels were extracted from the glass tubing by 
high pressure using a syringe filled with u-p dH20  attached to one end of the glass tube by 
rubber tubing. The capillary gel was ejected onto tin foil, and immediately wrapped up and 
stored at -20 °C prior to separation in the second dimension.
2.3.3 Electrophoretic Separation of Proteins in the Second Dimension Using Dual Mini- 
Vertical Gel System.
Proteins were separated in the second dimension on 5 - 15 % gradient (19:1 acrylamide: 
bisacrylamide, Fisons Pic.) mini-slab gels. The electrophoresis unit used was the dual mini­
vertical gel system (Fisons Pic.). The Fisons Phigel 1, acrlyamide/bisacrylamide solution was 
deionised with Amberlite MB-3 (Sigma) and filtered through Whatman No. 1 prior to use and 
stored in the dark at 4 °C.
2.3.3.1 Preparation of Slab Gels.
All the solutions and reagents used for the second dimension ran are the same for 1-D SDS- 
PAGE (Section 2.2.4.1). The gradient gels were cast in batches of 12 and consisted of 5 - 15 
% 19:1 acrylamide: bisacrylamide. resolving gradient mix with no stacker.
5-15%  Resolving G el Mixture.
The following stocks were made up in double quantities and stored at 4 °C.
Stock
5 % 15%
40 % Acrylamide 3 ml 9 ml
Resolving gel buffer 6  ml 6  ml
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dE^O 14 ml 2.4 ml
Glycerol ----  3.6 ml
6  ml of each stock gave enough to pour one Fisons min-slab gel. To each solution 
the following polymerisation agents were added: -
1 0  % (w/v) ammonium persulphate 50 jxl
TEMED 2.5 l^l
Both stocks were poured into a Hoefer gradient maker to generate a 5-15 % gradient, which 
was poured via peristaltic pump set at 15 rpm. The mix was poured to 0.5 cm from the top of 
the glass plate rim and subsequently overlaid with butanol. For pouring multiple numbers of 
plates simultaneously, the Mighty Small Multi Pouring stand (Hoefer Scientific Instruments 
Ltd.) was utilised, where by upto 12 gels (dimensions per gel, 80 mm x70 mm x 0.75 mm) 
could be poured at any one time, as described by the manufacturer’s instructions.
2.3.3.2 Loading of Tube Gels.
The 1:4 running gel buffer was removed from the top of the slab gel and the surface of the 
gel was briefly washed with equilibration buffer (0.125 M Tris-HCl, pH 6.7, 2.5 mM DTT,
2.3 % w/v SDS). Iodacetemide was added to the equilibration buffer, in an attempt quench 
excess DTT, which may cause artificial shading at the bottom of 2-D silver stained gel. For 
every 25 mg of DTT present in the buffer, 450 mg of iodacetemide was added. Modified 
form Cash et. al., 1995.
The tube gels which had been previously stored at -20 °C were thawed at RT and gently 
overlayed onto the gel surface, with the top or basic end of the tube orientated to lie at the left 
hand side of the slab gel. Once the tubes were pressed down onto the surface of the slab gels, 
giving close contact with no air bubbles between the interface, hot equilibration buffer
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(heated to approximately 60 °C) was poured and left to incubate at RT for 7 min, after which 
the buffer was removed prior to embedding in 1% (w/v) agarose (prepared in 0.125M Tris- 
HC1 pH 6.7, 0.1% (w/v) SDS with bromophenol blue) and the slab gels were placed into the 
electrophoresis unit.
2.3.3.3 Separation of Proteins in the Second Dimension.
The buffer system used was described previously (Section 2.2.4.3) at constant current of 15 
mA per gel until the bromophenol blue tracking dye reached the bottom of the slab gel, 
usually within 1.5 - 2 hrs. During electrophoresis the slab gels were cooled with running 
water. Following electrophoresis, the gels were stained (Section 2.4) or electrophoretically 
transferred (Section 2.5) to nitro-cellulose membrane and subsequently visualised.
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2.4 Staining and Image Capture of Gels.
2.4.1 Protein Detection.
Gels to be silver stained were fixed (50 % (v/v) Methanol, 12 % (v/v) Glacial 
Acetic Acid containing 0.5 ml 37 % (v/v) Formaldehyde/ 1) for a minimum of 1 
hr and subsequent staining was carried out according to the method of Blum et. 
al. (1987).
2.4.2 Image Capture.
Just prior to drying the gel images were captured using a Sony 3CCD colour video camera 
(mono setting) based system linked to Quantimet 600 image processing and analysis system 
(Leica). The captured images were stored as 32 bit tiff files. All photographs of stained and 
autoradiographic gels presented in the following chapters were taken from images captured 
using the above system and photographed using Microsoft Windows ’95 computer running 
“PaintShop Pro” software.
2.4.3 Gel Preparation for Drying.
Gels were prepared for drying by incubating overnight in Pre-dry (35 % (v/v) Ethanol, 1.5%  
(v/v) Glycerol). Radioactive gels were flourographically enhanced by further soaking in 
Amplify™ (Amersham) for a maximum of 1 hr.
2.4.4 Drying and Film Development.
Non-radioactive gels were dried in the Easy-Breeze drying unit between sheets of cellophane 
at the cool setting overnight. After soaking in Amplify the radioactive gels were rinsed briefly
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in water prior to vacuam dried onto Whatman 3MM paper on a LKB Bromma Slab Gel Dryer 
2003 linked to a Birchover Instruments Ltd. Freeze dryer, for lhr, after which they were 
exposed to Hyperfilm (Amersham) and stored at -70 °C for upto 2 weeks. The 
autoradiographic film was developed by hand by incubating for 5 mins in 16 % (w/v) 
Hydroquinone Sodium Carbonate, washing in water for 1 min, fixed in Ilford Hypam rapid 
fixer for 5 mins as set out by the manufactures instructions and washed extensively under 
running water. Once dried, the image was captured using the Leica 6000 software.
2.4.5 Calculation of the Molecular Weights of the Protein Bands from 1-D Gels.
The relative mobility (Rf) and optical density of each band was calculated using the Millipore 
Bioimage 1-D analysis system.
2.4.6 Calculation of the Molecular Weights of the Protein Spots from 2-D Gels.
The apparent molecular weights of the proteins were determined by coelectrophoresis of 
marker gels containing standard marker proteins of known molecular weights. Computer 
based 2 - D  images were initially analysed using the Phoretix 2 - D  Lite software package 
(Non Linear Dynamics Ltd.) with fuller analysis undertaken using Bio Image Intelligent 
Quantifier Ver 2.5.0 (B. I. Systems Corp.). Spot positions were detected by and the co­
ordinates exported into spreadsheets.
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2.5 Protein Immunoblotting.
SDS-PAGE separated proteins were electrophoretically transferred using transfer buffer 
(25mM Tris, 192mM Glycine and 20 % (v/v) Methanol in dfUO) onto Protran BA 83 
Transfer Media (Schleicher and Schuell) using a Milliblot SDE system (Millipore UK, Ltd.), 
as instructed by the operation manual and run at 2.5 mA per cm2  of gel. The method used was 
based on the procedure of Towbin et. al. (1979).
2.5.1 Protein Detection.
In some instances the membranes were cut in half after electrophoretic transfer and one half 
would be gently rocked for 1 hr at RT with 0.1 % (w/v) Ponceau S in 5 % (v/v) Glacial Acetic 
Acid to check for efficient protein transfer. This method of protein detection was based on 
Carbajal et. al. (1986).
2.5.1.1 Preparation of Pre-made Primary and Secondary Antiserum.
The primary antibodies were prepared as directed by the manufacturer’s instructions (Stress 
Gen Biotechnologies Incorp.) and stored in frozen aliquots at -70 °C. The secondary HRP- 
linked antibodies were stored in frozen aliquots at -20°C. Both the primary and secondary 
antibodies were diluted to the appropriate dilution’s and stored at -20 °C until required. The 
antibody diluent used for preparing the dilution’s was 1 % (w/v) Marvel, 0.05 % (v/v) Tween 
20 in PBS
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The following lists the primary and secondary antibodies used in this study (Refer to 
Appendix A, A1 for antibody specificity's).
Antibody:- Produced b y :- Dilution used
Rabbit anti-Hsp 70 
mycobacterium Y311 
polyclonal
Donated by Dr. A. Mehlert 
(University of Dundee)
1:500
Rabbit anti-GroEL 
polyclonal
Donated by Dr. A. Mehlert 
(University of Dundee)
1:500
Rabbit anti-Ubiquitin 
polyclonal
Stress Gen Biotechnologies 
Incorp.
1:500
Sheep anti-AMPK 
polyclonal (anti-aPAN)
Donated by D r . S . Davies 
(University of Dundee)
1:4000
Mouse anti-Hsp 60 
monoclonal
Stress Gen
Biotechnologies Incorp.
1:500
Mouse anti-Hsp 70 
monoclonal
Stress Gen
Biotechnologies Incorp.
1:500
NRS SAPU 1:500
HRP anti-rabbit IgG SAPU, Amersham ECL 
detection system
1:1000
HRP anti-mouse IgG SAPU, Amersham ECL 
detection system
1:1000
Control blots were incubated in NRS in place of the primary serum.
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2.5.1.2 Exposure to Primary Antiserum.
Blots were rinsed briefly in PBS and placed in blocking buffer (5 %  (w/v) Non-Fat Dried 
Milk (Marvel-Premium Brands Ltd), 0.25 %  (v/v) Tween 20 in PBS) for 1 hr at RT, with 
gentle agitation to block non-specific protein binding sites. Blots were washed in PBS/Tween 
20 (0.25 %  (v/v) Tween 20 in PBS) briefly for 4 x 5 mins, after which they were immersed in 
the appropriate primary antiserum and incubated overnight with gentle agitation at 4 °C.
2.5.1.3 Exposure to Secondary Antiserum.
Blots were briefly washed in PBS/Tween 20 for a further 4 x 5  min at RT with gentle 
agitation. The blots were then incubated for 1 hr at RT with the appropriate secondary 
antiserum. Blots were again washed briefly, 4 x 5  min. For chemiluminescence detection 
system, recombinant protein G linked recombinant peroxidase linked (Sigma, cat. P8170) was 
used instead of secondary antibody at a dilution of 1:4000 in PBS and incubated under the 
same conditions.
2.5.2 Chromogenic Visualisation of Bound Antibodies.
Visualisation of bound antigens was detected using the chromogenic substrate 3, 3 ’- 
Diaminobenzadine tera-hydrochloride (DAB) enhanced with Nickel Chloride based on the 
method of Harlow and Lane (1988). The solution was prepared just prior to the development 
of the blot (12 mg DAB, 18 ml 50 mM Tris, pH 7.6, 2 ml 0.3 % (w/v) Nickel Chloride). The 
DAB was dissolved and the solution was filtered through Whatman No. 1. 20 jllI of 30 % 
(v/v) H2 C>2 was added just prior to the addition of the substrate solution to the membrane. A 
purple/brown reaction product formed within 2 - 3  mins after constant agitation.
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2.5.3 Enhanced Chemiluminescence (ECL) Visualisation of Bound Antibodies.
Visualisation of bound antigens by exposure onto Hyperfilm-ECL using ECL detection 
system (Amersham Lit.) as described by the manufacturer instructions.
2.5.4 Image Capture.
Rinsing the blots in PBS/Tween 20 stopped colour development. The blots were dried and
stored between 3 M M  Whatman paper.
The blot images were captured and stored as described in Section 2.4.2.
2.6 Detection of Trehalose and Trehalase Activity in Mycelial Extracts of Bb24 
and 12C.
2.6.1 Initial Preparation of Mycelium for Analysis.
Mycelial mats were harvested, immediately snap-frozen in liquid nitrogen after which they 
freeze-dried overnight. The freeze-dried cultures were weighed out at 4 °C and approximately 
5 mg per culture was used in the preparation of trehalose for analysis. The remainder was 
prepared for trehalase analysis and stored at -20 °C until further processing.
2.6.2 Extraction of Trehalose.
Extraction of carbohydrates were obtained by homogenising for approximately 30 sec, the 
freeze-dried mycelium in 1 ml of ice cold dt^O with a micro-pestle with Seesand at 4 °C. The 
cmde homogenate was boiled for 1 0  min to further disrupt the cells and deactivate any 
enzymes present. The samples were microcentrifuged for 5 mins at 10, 000 g. Samples were 
stored at -20 °C until analysis.
2.6.3 Determination of Trehalose by High Performance Liquid Chromatography (HPLC).
Analysis of the sugar content in the prepared samples was achieved by HPLC using a Biorad 
fermentation column HPX-87H with a flow rate set at 0.6 ml/ min, temperature at 40 °C and 
degassed 0.005 M H2 SO4  as the systems buffer. The amount of trehalose was measured with 
a Spectra-Physics Isocratic Refractometer Detector (model SP040XR RI) and quantified with 
a Spectra-Physics Integrator (model SP4270). Prepared samples were loaded into a 1 ml 
syringe, with the removal of any bubbles. A 0.2 pm Whatman micropore disposable filter 
was attached to the syringe to remove any residual particle matter as the sample was being
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injected into the column loop. The maximum volume the loop could hold was 20 pi. An 
external standard containing a mixture of D-glucose, sucrose, trehalose and glycogen made 
up in dH20  at concentrations of 5, 1, 0.5, 0.25 and 0.1 mg/ were used to calibrate the system.
Alternatively filtered samples were placed in sequence into a multi-well SectraSERIES 
autosampler AS 100 (Thermoseparation Products Inc.) attached to the column allowing semi- 
automated loading and analysis. Raw data was captured on integrator, emulator and data 
processing software, Winner on Windows (WOW) v 1.5.2.
2.6.4 Preparation of Trehalase Extracts.
The method of extraction used was based on the method previously described for trehalose 
extraction, with minor modifications of the following: - 0.5 ml of ice cold 10 mM Mes/KOH, 
pH 6  (containing 1 mM Benzamadine, 1 mM PMSF, 10 mM NaF), with extraction on ice at 4 
°C. Cell extracts were microcentrifuged at 4 °C for 5 mins for 10, 000 g. 100 jxl of the 
supernatant was used for protein determination and the remainder snap frozen in liquid 
nitrogen and stored at -20 °C for further analysis.
2.6.5 Determination of Trehalase Activity.
The enzyme assay used was based on the method of Carrillo et. al. (1994). The assay mixture 
contained 100 pi of enzyme extract, lOOmM trehalose prepared in 10 mM Mes/KOH Buffer 
and 10 mM Mes/KOH, pH 6  in a final volume of 500 pi was incubated in a 30 °C water bath 
for 30 mins, after which the assay mixture was boiled for 2 mins to stop the reaction. The 
mixture was then microcentrifuged for 10 mins at 3,000 g  and placed on ice at intermediate 
stages. Mixtures containing no enzyme extracts were used as blank references.
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Glucose liberated in the assay mixture was determined by the glucose oxidase-peroxidase 
method of Lloyd and Whelan (1969), where for 1 Unit of trehalase released 1 nmol of 
glucose/min with O.D. values read at 525 nm. The specific trehalase content was calculated 
against the total protein content present in 1 0 0  jxl of supernatant.
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2.7 Detection of AMP-Activated Protein Kinase (AMPK) Activity.
Dr. S. P. Davies at the Biochemistry Department, University of Dundee, undertook the 
following experiments in the Laboratory of Prof. G. Hardie.
2.7.1 Sample Preparation.
The harvested mycelium stored under liquid were disrupted in 300 pi of ice cold 
homogenising buffer B using Seesand on ice at 4 °C (as described in Section 2.2.12). Extracts 
were centrifuged (IEF Centra-4R) for 5 mins at 3000 g  set at 4 °C and the supernatant aliquots 
retained and kept under liquid nitrogen until further processing.
2.7.2 Detection of AMP-Protein Kinase Activity Using the SAMS Peptide Assay.
The peptide assay used to detect peptide phosphorylation of AMP-protein kinase activity was 
carried out by Dr. S. P. Davies as described in Davies et. al., 1989.
2.7.3 Immunological Detection of AMPK.
Immunological studies using the polyclonal alpha-pan AMPK antiserum (raised from purified 
rat liver AMPK) and control protein to detect the presence of AMPK was kindly donated by 
Dr. S. P. Davies.
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2.8 Expression, Cloning and Sequencing of Putative the Putative Hsp 70 Gene.
2.8.1 DNA/RNA Isolation from 5. lacrym ans, S. h im antioides and A garicu s bisporus.
2.8.1.1 Reduction of Nuclease Contamination.
All glass and non-disposable plasticware were treated by acid washing in 2%  (v/v) Nitric 
Acid for 24 hrs, followed by rinsing in dH2 0, then sprayed with RNase Free Spray 
(Promega), re-rinsed in dH20  and autoclaved for 20 mins. The glassware was then baked at 
240 °C overnight and stored in a nuclease free environment until the next stage of 
decontamination. Sterile glass- and plasticware were immersed in a solution containing 0.2 % 
(v/v) diethyl pyrocarbonate (DEPC) - treated dd H2 0, shaken vigorously to dissolve DEPC 
droplets into solution, pour into 500 ml glass bottles up to the neck and cap, the remaining 
solution poured into beakers and glass universals and covered with aluminium foil. All 
containers were left overnight at 37 °C, followed by autoclaving for 20 mins to remove any 
residual traces of DEPC, which can carboxymethylate purine residues in the RNA. The 
glassware was then baked overnight at 240 °C. Chemicals required for both DNA and RNA 
extraction were newly obtained from Promega (where otherwise stated) and set aside 
specifically for use in this work. Two sets of the same chemicals were obtained when 
necessary, when required for both RNA and DNA preparations thus ensuring no cross 
contamination between preparations.
Solutions and water were also DEPC treated by making solutions 0.1 % (v/v) with respect to 
DEPC and incubated overnight at 37 °C, after which they were autoclaved and stored at RT in 
a nuclease free environment. Solutions containing Tris buffers were not DEPC treated but 
prepared with DEPC treated water. Prior to RNA isolation all equipment and work surfaces
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were decontaminated with Promega’s RNase Free Spray. All work was carried out rapidly on 
ice to prevent the material from thawing.
2.8.1.2 DNA Isolation.
The DNA extraction protocol was adapted from the method described by Kolar et. al. (1988).
Snap frozen material of Serpula species and A. bisporus were placed on ice. Approximately 5 
- 1 0  mg of material was used per sample preparation, and placed in a sterile pre-cooled 
eppendorf tube. Acid washed heat-sterilised Seesand (Fluka) was added to one-tenth the 
volume of the Eppendorf tube. 400 pi of extraction buffer (0.5 M Tris-HCl, pH 8.5, 0.25 M 
NaCl and 0.05 M EDTA) with the addition of detergents P-aminosalicyclic acid (PAS) and 
Tri-isopropynaphthalenesulfonic acid sodium salt (TNS) at a final concentration of 48 mg/ml 
and 8  mg/ml respectively was used to homogenise the frozen mycelium using a sterile 
nuclease-free micro-pestle (maximum of approximately 30 sec).
The samples were transferred to a 65 °C water bath and left for 20 mins. Samples were 
extracted with 400 pi of phenol: chloroform: isoamyl alcohol, PCIa (24:25:1), shaken and 
microcentrifuged at 10, 000 g  for 10 mins at 4 °C. The top aqueous layer was recovered into a 
fresh sterile Eppendorf ensuring that no material was removed from the interface, fresh PCIa 
added and the above procedure repeated twice. An equal volume of chloroform: isoamyl 
alcohol (24:1) was added to this last aqueous phase, inverted, mixed and microcentrifuged at 
10, 000 g  for 10 mins at 4 °C. After the phases separated the clear top aqueous phase was 
recovered into another sterile Eppendorf.
The DNA was precipitated out of this aqueous phase by addition of 1710th the sample volume 
of 3M sodium acetate, pH 8  and 2 x the sample volume of absolute ethanol (previously stored
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at -20 °C). The mixture was then inverted gently to mix and stored at -20 °C overnight. The 
precipitated DNA was pelleted by microcentrifugation for 10 mins at 10, 000 g  at 4 °C, rinsed 
2 x with ice cold absolute ethanol. The ethanol was decanted ensuring that the pellet was not 
dislodged and air-dried on ice. The pellet was resuspended in 100 pi TE buffer (10 mM Tris- 
HC1, 1 mM EDTA) containing 10 jig/ml RNase A (Sigma, derived from bovine pancreas and 
free of DNase) to remove residual RNA.
The quality of the DNA was checked on a 2 % agarose gel/ 1 x TBE Buffer (0.54 g Tris, 2.75 
g Boric Acid, 0.465 g EDTA, pH 8.2-8.4). The 5 jul of each sample was mixed with 1 pi of 
loading dye (Promega Blue/orange 6  x dye:- 10 % Ficoll 400, 0.25 % Xylene cyanol FF, 0.4 
% orange G, 10 mM Tris/ HC1 (pH 7.5) and 50 mM EDTA) and subsequently loaded onto 
the 2 %  agarose gel, mn at 52 mA, constant voltage for approximately 45 mins. DNA was 
visualised by ethidium bromide staining (Amresco, 0.625 mg/ml prepared according to 
manufacturers instmctions) incubated with gentle shaking for 10 min, washed for 2 x 5 min 
and visualised on a UV light box. Picture was taken using a Polaroid camera containing an 
orange filter with Polaroid 667 black and white instant film.
The prepared DNA was used directly in a PCR reaction or stored at -20 °C until required. 
Appropriate dilutions of the DNA samples were made by visual examination of the ethidium 
bromide gel. Where the brightest bands were of the same intensity as the 500 bp DNA marker 
standard (approximately 150 ng in 5 pi of 100 bp DNA ladder: Promega) were diluted 1:200 
and lesser intense bands in the order of 1:100 and 1:50. A highly concentrated amount of 
DNA present in the PCR mix effectively inhibited the reaction.
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2.8 .1 .3  T otal R N A  E xtraction.
The RNA extraction protocol was adapted from the procedure of Chomczynski and Sacchi 
(1987).
Snap frozen mycelium was placed on ice. Approximately 10-50 mg of material was used per 
sample preparation and placed in a sterile pre-cooled Eppendorf tube. 500 pi of RNA 
extraction buffer (4 M Guanidinium thiocynate, 25 mM Sodium citrate, 0.5 % (w/v) N- 
lauroylsarcosine and 0.1 M DTT) and acid washed heat-sterilised Seesand (Fluka-Chemika) 
was added to one-tenth the volume of the eppendorf tube. The frozen mycelium was 
homogenised using a sterile DEPC-treated micro-pestle until the mycelium had broken up 
(maximum of approximately 30 sec).
For every 500 pi of RNA extraction buffer used, the following was added sequentially with 
thorough mixing after each addition: - 50 pi 2M sodium acetate, pH 4, 500 pi phenol, 100 pi 
chloroform-isoamyl alcohol mix (49:1). The final suspension was vigorously shaken for 
approximately 1 0  sec and incubated for 15 mins on ice.
The resulting solution was microcentrifuged at 10, 000 g  for 20 mins at 4 °C The clear 
aqueous phase containing the RNA was recovered into a fresh sterile eppendorf ensuring that 
no material was removed from the interface which contained DNA and protein debris. The 
aqueous phase was mixed with an equal volume of isoproponal (Sigma) and for 1 h at -20 °C 
precipitate the RNA.
The RNA was pelleted by microcentrifugation at 10, 000 g  for 20 min at 4 °C. The 
supernatant was carefully discarded and the pellet resuspended in 300 pi of denaturing 
solution to which 1 volume isopropanol was added and the RNA was allowed to precipitate 
for 1 h or at -20 °C.
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RNA was pelleted as previously, the supernatant discarded and the pellet was allowed to air 
dry on ice, and resuspended in 50 pi of nuclease free water (Promega). Removal of 
contaminating DNA from samples was achieved by incubating the RNA samples with 
Promega’s RQ1 RNase-Free DNase. Preparing a cocktail, in a total volume of 50 pi at a final 
concentration, per sample as follows: 10 mM NaCl, 6  mM MgSC>4 , 10 mM CaCl2, 2 pi 1 U/ 
pi RQ1 RNase-Free DNase, 1.25 pi 40 U/ pi RNasin Ribonuclease Inhibitor, 40 mM 100 mM 
Tris-HCl, pH 7.9. The cocktail was added to 50 |il of sample, mixed and incubated for 15 
mins at 37 °C. The reaction was stopped by the addition of 2 x volume ice cold absolute 
ethanol with 1:10  (v/v) 3 M Sodium acetate, pH 5, incubated overnight at -20 °C, 
microcentrifuged at 4 °C for 10 min at 12,500 rpm. The pellet was retained and reconstituted 
in 50 pi of nuclease-free water (Promega) and stored as previously described.
Long term storage of the RNA was achieved by the addition of 2 x volume ice cold absolute 
ethanol with 1:30 (v/v) 3 M sodium acetate, pH 5. After long term storage the samples were 
microcentrifuged at 4 °C for 10 min at 10, 000 g. The pellet was retained and reconstituted in 
50 pi of nuclease-free water as described previously. The total RNA yield of each extraction 
was calculated using a Perkin Elmer UV/Vis Spectrometer, Lambda 2and assuming that a 
solution of 40 pg/ml total RNA in a 1 cm path possesses an absorbency at 260 nm of 1.0 unit. 
Each RNA sample (10 pi of sample in a final volume of 1 ml of DEPC-treated HPLC water) 
was assayed in triplicate at both 260 and 280 nm in quartz quvettes. Chemically pure RNA 
has an A2 6 o/A2 8o of 2.0. Significant deviation from this ratio indicated contamination.
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2.8.2 Primer Design from the A. bisporus HspA (70) Gene Sequence.
The design of the primers was achieved by access to the bioinformatic resources at Daresbury 
laboratories (www.seqnet.dl.ac.uk) with the use of the Genetics Computer Group (GCG) 
sequence retrieval system, scanning the EMBL/GenBank/DDBJ gene databases. The highest 
percent similarity of known base pair matches between a number of fungi was initiated to 
search for any known basidiomycete hsp gene sequences. The results from this search gave 
the basidiomycete A. bisporus the highest percentage similarity (Chapter 3, Section 3.3.1). 
The 20 base pair (bp) primers Nat 1 and Nat 2 were designed from sequence regions before 
and after an intron (corresponding to nucleotides +247 to +302) found within the partially 
sequenced 536 bp A. bisporus hsp A gene (Schaap et. al. 1996). Amplimers generated from 
PCR and RT-PCR were 407 bp and 352 bp in size, the difference between the two 
corresponding to the 50 bp intron spanning the genomic DNA sequence.
The primer sequences were as follows: -
Nat 1 (forward): 5’ CACTCATCTTGGTGGTGAGG 3’
Corresponding to nucleotide +54 to +73.
Nat 1 (reverse): 5’ ATACGGGTGGAACCACCGAC 3’
Corresponding to nucleotides +463 to + 444.
Genosys Biotechnologies Ltd produced the oligonucleotide primers.
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2.8.3 P olym erase C hain  R eaction  (PCR).
PCR amplification was carried out in a reaction mixture containing the following: 2.5 |xl of 
diluted DNA, 1 x Ultrotaq PCR buffer (20 mM Tris-HCl, pH 8.55 containing 16 mM 
(NH^SCU, 2.5 mM MgCl2  and 150 pg/ml BSA), 0.2 mM deoxyribonucleotide triphosphates 
each (dNTP mix), 50 pmol each of Nat 1 and 2, 0.5 |il of Ultrotaq DNA polymerase (5 U/ jil), 
reaction mix made up to a final volume of 25 |il with nuclease-free water (Promega). Mineral 
oil was layered over the reaction mix and amplification was performed using the following 
conditions on a Techne PHC-3 thermal cycler: 94 °C (2 min), 94 °C (15 sec), 60 °C (30 sec), 
72 °C (1 min). At the end of 30 cycles, the reaction was extended for an additional 7 min. The 
positive control for an hsp70 product was derived from DNA of the A. bisporus mushroom­
giving rise to a product 407 bp long. The negative control substituted sterile nuclease-free 
water for the DNA template in the reaction mixture.
The PCR products were electrophoresed at 52 mA constant voltage for 45 min in a 2 % 
agarose gel. Molecular weight DNA markers (Promega’s 100 bp DNA ladder cat. G2101; 
Appligene 500 bp ladder cat. 161471) were electrophoresed simultaneously as a reference 
DNA marker. The gels were stained with 0.5 |ig/ml ethidium bromide and visualised under 
UV light. Pictures were taken of the gels using a Polaroid with 667 black and white film. 
Enhanced images of the Polaroid’s were taken by a Sony 3CCD black and white video camera 
linked to a heat sensitive thermal printer (Mitsubishi).
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2.8.4 R everse T ranscrip tion  - Polym erase C hain  R eaction  (R T-PC R ).
The Access RT-PCR System from Promega to generate first strand cDNA template from a 
specific target RNA transcripts and subsequent amplification in a one step two-enzyme 
system was used to generate gene fragments. Optimisation of the reaction was achieved by the 
addition of neat, 1:100 and 1:200 dilution of the prepared RNA in the system. As for DNA, a 
high concentration of RNA in the mixture inhibits the amplification stage of the reaction.
RT-PCR was carried out in a reaction mixture containing the following: 2.5 pi of 1:200 
dilution of RNA, 1 X AMV/ Tf l  reaction buffer, 0.2 mM dNTP mix, 50 pmol each of Nat 1 
and 2, 1 mM MgSC>4 , 0.625 pi of RNasin Ribonuclease Inhibitor (40 U/pl, Promega), 0.5 pi 
of AMV Reverse Transcriptase (5 U/ pi), 0.5 pi Tf l  DNA Polymerase (5 U/pl), made up in a 
final volume of 25 pi with nuclease-free water (Promega). Mineral oil was layered over the 
reaction mix and the RT-PCR performed using the following conditions on a Techne PHC-3 
thermal cycler: 48 °C (45 min), 94 °C (1 min), 94 °C (15 sec), 60 °C (30 sec), 6 8  °C (1 min). 
At the end of 30 cycles, the reaction was extended for an additional 7 min. Positive and 
negative control reactions were performed to ensure optimisation to the system. For the 
positive internal control, control RNA with carrier, upstream and downstream control primers 
provided with the kit were used giving an amplification product of 323 bp long. External 
positive controls in the form of A. bisporus RNA giving rise to a product of approximately 
352 bp long. The negative control was substituted sterile nuclease-free water for the RNA 
template in the reaction.
The RT-PCR products were electrophoresed and visualised as described in Section 2.9.1.
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2.8.5 C loning and  S eq u encing o f  cD N A  and G enom ic D N A  Products.
The following procedures were undertaken in the laboratory of Dr. G. Machray at the 
Department of Cell and Molecular Genetics at the Scottish Crop Research Institute (S.C.R.I.), 
Invergowrie, Dundee.
2.8.5.1 Purification of PCR and RT-PCR Products
The desalting and removal of excess primers from the products was achieved by spin-column 
chromatography. MicroSpin™ S-300 HR Columns from Pharmacia Biotech (cat. XY-047-00-
17) were used as described by the manufacturers instructions. The purified samples were 
collected and ligated to pGEM-T vector (Promega, cat. A 13600)
2.8.5.2 Ligation of Purified Products.
The products were ligated using Pharmacia Biotech Ready-To-Go™ T4 DNA Ligase (product 
no. 27-0361-01) as described by the manufacturer’s instructions.
2.8.5.3 Transformation of Competent Cells.
1 pi of ligation reaction was used to transform 100 pi of MAX Efficiency DH5a™ competent 
cells from GIBCO BRL (cat. 85258SA), as described by the manufacturer’s instructions. 100 
pi of diluted (1 : 1 0 ) and undiluted resultant cell suspension were inoculated onto pre-made 
Luria-Bertaini plates (LB plates :- 15 g Tryptone, 5 g Yeast extract, 5 g NaCl, 1 ml 1 M 
NaOH, 15 g Bacto-agar in 11 dH2 0) containing 100 pg/ml ampicillin. The plates were 
incubated o/n at 37 °C, 10 colonies from each were inoculated onto fresh plates and 
subsequently used as stocks for mini-plasmid DNA preps.
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2.8.5.4 P lasm id  Preparation  and Sequencing.
Liquid stocks of the recombinant colonies were prepared for plasmid DNA preparation. 
Single colonies were inoculated into 4 ml of pre-made LB containing 50 pg/ml ampicillin and 
incubated o/n in a 37 °C orbital incubator. The resultant bacterial cell suspension was pelleted 
by centrifugation for 5 min at 4, 000 g  (Hettich Universal Camlab Centrifuge) and the 
supernatant poured off, retaining the pellet. Isolation and purification of the plasmid DNA 
was achieved using Promega’s Wizard® Plus SV Minipreps DNA Purification System, (cat. 
A1330), spin protocol as described by the manufacturer’s instructions. A restriction enzyme 
digest of the plasmid DNA was done to check that the DNA insert was present. To 8 pi of 
purified DNA, 1 pi of buffer H and 1 pi of EcoRI (Boehringer Mannheim) were added and 
incubated for 1 h in a 37 °C water bath. The resultant digest was analysed on a 1 % agarose 
gel with Boehringer Mannheim Marker VUI, 100 bp ladder used as reference. The remaining 
purified DNA was used for sequencing carried out by the sequencing division at S.C.R.I.
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2.9 I n  V i tr o  Translation of S . la c r y m a n s  and S . h im a n t io id e s  mRNA.
2.9.1 Total RNA Extraction.
Total RNA extraction was achieved by the method described previously in Section 2.9.1.4.
2.9.2 mRNA Isolation from Total RNA.
Using total RNA as starting material, small scale mRNA isolation was achieved by using 
Promega’s PolyATract System (cat. Z5310) as described by the manufacturer’s instructions. 
The resultant pellet was resuspended in 10 pi of nuclease free water and stored at -70 °C until 
further required.
2.9.3 I n  V i t r o  Translation Using a Rabbit Reticulocyte Lysate System.
The translation system used was the Rabbit Reticulocyte Lysate System from Amersham Life 
Science (cat. RPN 3150) and the protocol were set out as described by the manufacturer’s 
instructions. In brief the standard 50 pi translation reaction mixture contained the following: 4 
pi 12.5 x translation mix, 2 pi 2.5 M potassium acetate, 1 pi 25 mM magnesium acetate, 5 pi 
of [35'S] L- methionine (37 MBq stock, cat. no. cat. SJ 1015, Amersham International 
Limited, UK), 10 pi of RNA sample, 20 pi rabbit reticulocyte lysate, made upto a final 
volume of 50 pi with nuclease free water. The mixture was incubated at 30 °C for 1.5 h, then 
placed on ice.
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2.9.4 Analysis of Translation Products.
The translation products were analysed by electrophoretic separation as described in section
2 .4, with minor modification of the sample preparation whereby the translation product was 
diluted 1:10  with 2x cracking buffer, boiled for 4 min and microcentrifuged for 3 min at 10, 
000 g. 10 pi of the denatured sample was subsequently loaded. The separated proteins were 
silver stained, flourographically enhanced, dried and exposed to X-ray film as described in 
Section 2.4. The presence of hsps was detected by chemiluminescence enhanced western 
blotting as described in Sections 2.5.3 and 2.5.4
2.9.5 Incorporation Assay.
To determine the labelled amino acid incorporation into protein, 25 % TCA /  2 %  casein acid 
hydrolysate precipitation was carried out on the translation extracts. 2 pi of lysate mix 
(samples plus control and blank) was diluted in 250 pi IN NaOH/ 2 % H2 O2 , incubated at 37 
°C for 10 min. 1 ml of ice-cold 25 % TCA/ 2 % casein acid hydrolysate was added, mixed and 
left on ice for 30 min. The precipitate was collected by filtering the solution onto a Whatman 
GF/A glass fibre filter wetted with 5 % TCA. The samples were filtered under vacuam using a 
Buckner funnel and hand held Whatman vacuam pump. The filters were rinsed initially 3 x 3  
ml ice-cold 5 % TCA and finally 1 x 3 ml acetone. The filter discs were dried and transferred 
into scintillation vials containing 4 mis of Ecosynt A (National Diagnostics). The amount of 
radioactive counts present was measured by a scintillation counter (LKB Wallace, 1216 
Rackbeta Liquid Scintillation Counter linked to a Wilker Digital Decwriter IV) which was 
programmed to read counts for 35S-methionine. To determine the total amount of counts 
present, 2.5 pi of translation mix was spotted directly onto a filter and allowed to dry and 
transferred to scintillation vials as described previously.
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CHAPTER THREE
RESULTS
3.1 Metabolic Labelling Studies: Analysis of Heat Induced Changes in Protein 
and mRNA Synthesis.
3.1.1 Metabolic Labelling Studies Utilising 1-D and 2-D SDS PAGE for the Analysis of 
Changes in Protein and mRNA Synthesis.
Metabolic labelling studies, incorporating [35'S] methionine were used to detect changes in 
protein expression occurring during exposure to sublethal, extreme and recovery regimes 
applied to cultures of S. him antioides (Bb24) and S. lacrym ans (12C). Protein extracts were 
analysed by SDS-PAGE to determine whether the classic heat-shock response occurs for both 
species. Universally this response involves the rapid but transient reprogramming of cellular 
activities to ensure survival during the period stress, to protect essential cellular components 
against heat damage and to permit rapid resumption of normal cellular activities during the 
recovery period (Burton 1986). The experimental rationale was to investigate the phenomenon 
of heat-shock induced thermotolerance in cultures of Bb24 and 12C by monitoring the 
organisms ability to recover from an otherwise extreme heat-treatment respectively. This was 
illustrated primarily by overall changes in protein synthesis and the production of specific 
proteins of the hsp families associated with this response.
The aims of the work described in this section were to determine the following points.
(i) Whether the sublethal training regimes (Train A and B) used for Bb24 and 12C, effectively 
induced thermotolerance with respect to the ability to survive otherwise extreme heat- 
treatments, by reactivation of protein synthesis during the recovery periods. This was 
achieved by monitoring overall changes in protein synthesis i.e. whether the relationship of
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heat-induced inhibition of protein synthesis (HUPS) and thermotolerance could be 
correlated with the ability to survive these extreme heat-treatments.
(ii) To identify changes in ID and 2D protein profiles and specific identification of proteins, 
which could be related, by molecular weight, to important hsps.
(iii) Whether, by in vitro translation studies, any changes in mRNA expression could be 
correlated by molecular weight to specific precursors for hsps.
3.1.2 Effect of Heat Treatments on Heat Induced Inhibition of Protein Synthesis (HIIPS).
One aspect of the molecular response of Bb24 and 12C to elevated temperatures may be 
observed by assessing the overall levels of protein synthesis. The level of synthesis and its 
inhibition was examined in two ways: by means of incorporation of [35S] methionine into 
TCA-precipitated material (Table 3.1.0) and ID SDS-PAGE analysis (Figure 3.1 A, B, C and 
D) of labelled cultures (refer to Chapter Two, Section 2.1.1.3 for labelling periods).
Treatment Regimes
Mean Incorporation of [35"S] methionine 
(dpm)
Bb24 12C
(Tr C)
Train C (Tr C/HS)
(Tr C/HS/R) 
(Tr A)
Train A (Tr A/HS)
(Tr A/HS/R) 
(Tr B)
Train B (Tr B/HS)
(Tr B/HS/R)
151423 154749 
4761 13844 
147364 1745 
17585 19264 
45214 7612 
122253 1882 
115890 179232 
82839 45610 
105790 1713
Table 3.1.0. Mean incorporation of radioactivity into nascent proteins were determined by 
TCA precipitation and scintillation counting. The data represents the average of two labelling 
experiments.
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T he ratio  o f the m ean percentage incorporation in  heat-treated  cultures to tha t found  in  their 
non-heated  control counterparts w as taken as a  m easure o f the  relative p ro te in  synthesis 
(R PS). V alues for heat induced inhibition  o f  protein  synthesis (HUPS) w ere calcu lated  by 
subtracting from  1.0 the value o f relative protein  synthesis (Laszlo 1988), and therefore H EPS 
= 1 - R PS (Table 3.1.1).
Treatment Regimes Bb24 12C
RPS HIIPS RPS HIIPS
(Tr C) 1.000 0.000 1.000 0.000
Train C (Tr C/HS) 0.030 0.970 0.087 0.913
(Tr C/HS/R) 0.970 0.030 0.011 0.989
(Tr A) 0.116 0.844 0.122 0.878
Train A (Tr A/HS) 0.298 0.702 0.048 0.952
(Tr A/HS/R) 0.807 0.193 0.012 0.988
(Tr B) 0.765 0.235 1.138 -0.138
Train B (Tr B/HS) 0.547 0.453 0.289 0.710
(Tr B/HS/R) 0.689 0.302 0.011 0.989
T a b le  3.1.1. R elative protein synthesis (RPS) and heat induced inh ib ition  o f p ro tein  synthesis 
(HTTPS) in  intracellular extracts o f  B b24 and 12C cultures exposed  to various tem perature 
regim es.
V isual inspection o f the autoradiogram s illustrated in F igure 3.1 A, B, and C, D  o f [35'S] 
m eth ionine labelled extracts o f  B b24 and 12C respectively, leads to  several im pressions 
concerning the effect o f the various heat treatm ent regim es upon  levels o f pro tein  synthesis. In 
the first instance, extrem e heat treatm ent leads to inhibition o f  protein  synthesis in  the  control 
(T rain C) cultures o f both B b24 and 12C (lane 9 - T r C /H S) respectively, w ith  a  considerable 
m arked reduction in bands present w hen com paring to  the respective control profiles (lane 8 - 
T r C).
In com parison, Bb24 cultures (Figures 3.1 A  and C) show  a m arked increase in the  level o f 
synthesis during the recovery period o f extrem e heat-treated  control cultures (lane 10 - T r 
C /H S/R ). This is illustrated by com parison o f  the recovery  p rofile  to the un trea ted  control
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(lane 8 - T r C) counterpart, w hich it closely  resem bles. This observations leads to  the  
conclusion  that 40  °C /3  h r does not effectively k ill B b24 m ycelium  w hich w as orig inally  
presum ed in  studies o f  W hite  et. al. (1995).
There  is a  d ifference in labelled  profiles betw een B b24 T rain  A  and B cultures to  w hich  the 
degree o f  HUPS appears to be greater in T rain  A  profile  (lane 2) illustrated by  the  reduction  in  
the num ber and in tensity  o f bands com pared to that o f  T rain  B profile  (lane 5).
A  sim ilar trend  in  the  level o f protein  synthesis is observed in 12C extrem e heat-treated  T rain  
A  and B cultures (Figures 3.1 B and D, lanes 2  and 5 respectively). H ow ever there  is a  c lear 
indication that during recovery, protein synthesis is m arkedly reduced and  the level o f 
inh ib ition  is at its highest, w ith  an absence o f bands in  both  the treated  and  un trea ted  12C 
cultures (lanes 4 ,7  and 10).
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F igu res  3.1 A and B. Metabolic labelling experiment, autoradiograms of ['^S] methionine- 
labelled (A) Bb24 and (B) 12C intracellular proteins synthesised during the different 
temperature regimes. Values on the left represent molecular weight markers in the range 220 -
14.3 kD. All samples were equalised for protein content of approximately 6 pg and separated 
in 12.5% SDS polyacrylamide gel.
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F ig u re  3.1 C and D. Repeat metabolic labelling experiment, autoradiogram of [3vS] 
methionine-labelled (C) Bb24 and (D) 12C intracellular proteins synthesised during the 
different temperature regimes. Values on the left represent molecular weight markers in the 
range 14.3 - 220  kD. All samples were equalised for protein content of approximately 6 |Tg 
and separated in 12.5% SDS polyacrylamide gel.
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F ig u re  3.1 A  and  C , represents B b24 labelled  in tracellu lar extracts from  cultures w hich  have 
undergone various tem perature regim es. Lane 1 (M W ) - rainbow  high  m olecu lar w eight 
m arkers in  the  range o f  14.3 - 220 kD (A m ersham  International pic.).
Lanes 2 - 4  represen t T rain  A  cultures (28 °C / 48 hr): 
lane 2 (T r ) -  28 °C /4 8  hr;
lane 3 (HS) - exposed  to  extrem e heat treatm ent, 40  °C / 3 hr;
lane 4  (R) - p laced  in to  recovery at optim um  condition’s 25 °C / 24 hr.
Lanes 5 - 7  represent Train B cultures (30 °CI 48  hr): 
lane 5 (Tr) - 30  °C / 48 hr; 
lane 6 (HS) - exposed  to 40 °C / 3 hr; 
lane 7 (R) - p laced  into recovery at 25 °C / 24 hr.
Lanes 8 - 1 0  represen t T rain  C control cultures (25 °C/ 24 hr): 
lane 8 (Tr) - op tim um  condition’s 25 °C/ 24 hr; 
lane 9 (HS) - exposed  to 40 °C/ 3 hr; 
lane 10 (R) - p laced  into recovery at 25 °C / 24 hr.
F ig u re  3 .2  B and D , 12C labelled intracellular extracts from  cultures w hich have undergone 
various tem perature regim es. Lane 1 (M W ) - rainbow  high m olecular w eight m arkers in the 
range o f 14.3 - 220 kD (A m ersham  International pic.).
Lanes 2 - 4  represent T rain  A  cultures (28 °C / 24 hr): 
la n e 2 ( T r ) - 28 ° C /2 4 h r ;
lane 3 (HS) - exposed  to extrem e heat treatm ent, 40  °C/ 2 hr;
lane 4  (R) - p laced  into recovery at optim um  cond ition ’s 22 °C/ 24 hr.
Lanes 5 - 7  represent Train B cultures (25 °C / 48 hr): 
lane 5 ( T r ) - 25 °C /4 8  hr; 
lane 6 (HS) - exposed  to 40 °C/  2 hr; 
lane 7 (R) - p laced  into recovery at 22 °C / 24 hr.
Lanes 8 - 1 0  represent Train C control cultures (22 °C / 24 hr): 
lane 8 (Tr) - op tim um  conditions o f 22 °C / 24 hr; 
lane 9 (HS) - exposed  40  °C/ 2 hr; 
lane 10 (R) - p laced  into recovery at 22 °C / 24 hr.
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These visual impressions are confirmed by the quantitative analysis of protein synthesis in
relation to HIIPS summarised in Table 3.1.1 illustrated in Figure 3.2.
>- i- —
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y- h  h
T r e a tm e n ts
Figure 3.2. The effect o f exposure of Bb24 ( | j ) and 12C H )cultures. respectively to various 
heat treatments on heat-induced inhibition o f protein synthesis (HIIPS). Bb24 control cultures 
(Tr C) grown at optimum conditions at 25 °C for 24 h. were exposed to 40 °C for 3 h (Tr 
C/HS) and allowed to recover at 25 °C for a further 24 h (Tr C/HS/R). Control colonies were 
trained at sublethal temperature regimes of 28 °C for 48 hr and 30 °C for 48 hr (Tr A and Tr B, 
respectively). Exposed to a extreme heat-treatment of 40 °C for 3 h (Tr A/HS and Tr B/HS) 
and allowed to recover at optimum conditions o f 25 °C for a further 24 h (Tr A/HS/R and Tr 
B/HS/R). 12C control cultures (Tr C) grown at optimum conditions at 22 °C for 24 h were 
exposed to extreme heat treatment of 40 °C for 2 h (Tr C/HS) and allowed to recover at 
optimum conditions of 22 UC for a further 24 h (Tr C/HS/R). Control colonies were trained at 
sublethal temperature regimes of 28 l,C for 24 hr and 25 °C for 48 hr (Tr A and Tr B, 
respectively). Exposed to a extreme heat-treatment of 40 "C for 2 h (Tr A/HS and Tr B/HS) 
and allowed to recover at optimum conditions o f 22 °C for a further 24 h (Tr A/HS/R and Tr 
B/HS/R).
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In cultures p rev iously  exposed to sublethal heat treatm ent (T rain A ) for bo th  species, the 
HUPS resu lting  from  this exposure was h igh , 0 .884  and 0.878 (B b24 and 12C respectively , 
values p resen ted  in  T able 3.1.1). In com parison, T rain  B cultures had  low er values fo r H EPS, 
0.235 and -0 .138, w here the latter training effectively  increased the level o f  p ro tein  synthesis 
h igher than tha t o f  the  12C control cultures (Train C).
The effect o f sublethal heat treatm ents upon protection o f protein  synthesis during  exposure  to  
extrem e heat treatm ent w as different for bo th  B b24  and  12C respectively. T he  level o f  H EPS 
observed in  B b24  T rain  B extrem e heat-treated  cultures w as approxim ately  1.5 tim es low er 
com pared to  12C counterparts. W hile  for T rain  cu lture  H EPS values w ere 0 .702  and 0 .952  for 
B b24 and 12C respectively.
W hen control cultures (Train C) o f B b24 and 12C w ere exposed  to  extrem e heat treatm ent 
respectively, there  was a clear reduction in  the overall rate o f  protein  synthesis, w ith  a  high 
level o f inh ib ition  occurring, corresponding to  H EPS values o f 0.97 and 0.913 respectively. 
There w as a d istinct difference in  the recovery o f B b24 and 12C control cultures after 24 h r in 
their respective optim um  conditions as the  level o f H EPS for B b24 was neglig ible, 0.03, 
w here as 12C had  a value o f 0.989. This clearly  illustrates the possib le  therm oto leran t and 
therm osensitive natures o f both respective species. F igure 3.2 illustrates th is d istinct 
difference betw een the tw o species (depicted as T r C, T r C /H S, T r C /H S/R  colum ns fo r bo th  
species). T he com plete recovery in control B b24 cultures also dem onstrates tha t the  previous 
observation tha t 40  °C fo r 3 hr does not effectively  k ill m ycelium  w ith resum ption  o f norm al 
cellu lar activities after 24 hr in recovery (W hite et. al. 1995).
R ecovery o f extrem e heat-treated, trained cultures fo r B b24 and 12C, w ere again  d istinctly  
different. T he level o f inhibition was m arkedly  reduced  in B b24 cultures, 0.311 and 0.193
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(T rain A  and B respectively) com pared to that o f 12C cultures w here the values fo r bo th  T rain  
A  and T rain  B , 0.988 were equivalent to tha t o f the  contro l recovery, a  value o f  0 .989. T his is 
clearly  illustra ted  in F igure 3 .2  depicted  as T r A /H S/R , T r B /H S/R  and T r C /H S /R  fo r 
recovery  o f  ex trem e heat-treated Train A , B and C cultures respectively.
T he observations from  the above studies indicate strongly  that sustained p ro te in  synthesis 
during ex trem e heat treatm ent is dependent on pre-condition ing  cultures to  sublethal tra in ing  
regim es, fo r B b24 cultures only. The sublethal tra in ing  regim es used  on 12C d id  no t 
effectively  induce therm otolerance, as the  relative p ro tein  synthesis during recovery  w as 
negligible. T he fo llow ing points outline the m ajor observations m ade.
(i) T he relationship  o f heat-induced inhibition  o f protein  synthesis (H E PS) and 
therm oto lerance can be  correlated w ith the transien t ability  to survive during ex trem e heat 
treatm ents fo r B b24 cultures exposed to sublethal tem peratures prior to ex trem e treatm ent. 
T his is clearly  illustrated in Figure 3.2 by continued  synthesis during ex trem e heat 
treatm ent fo r T rain  A  and B cultures (T r A /H S and T r B /H S respectively) com pared  to the 
control ex trem e heat treated culture (T r C /H S).
(ii) In control cultures protein synthesis is reduced in  the  extrem e heat trea tm ent fo r both 
B b24 and 12C, bu t after 24 h r in recovery, resum ption  o f  norm al ce llu lar activities 
occurred fo r B b24 only (as illustrated by the reactivation o f pro tein  synthesis), 
dem onstrating that the extrem e heat regim e o f 40  °C fo r 3 hr does no t effectively  k ill the 
m ycelium  as indicated in previous studies (W hite et. al. 1995). T hese observations also 
clearly  dem onstrate the overall therm otolerant nature o f S. him antioides to  tha t o f  S. 
lacrym ans.
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3.1.3 E ffe c t o f  H e a t  T re a tm e n ts  o n  P ro te in  S y n th es is : Id e n tif ic a tio n  o f  E le v a te d  a n d  
N ew ly S y n th e s ise d  P ro te in s  b y  1-D SDS P A G E .
Follow ing  the respective control (Train C) and sublethal (Train A  and B) tem perature regim es 
upon extrem e, heat and recovery phases on B b24 and 12C cultures, a  com plex  pattern  o f 
p ro tein  synthesis becam e discernible, w hen analysed by  1-D SD S-PA G E  (F igure 3.1 A , B , C 
and D ). Full analysis o f  labelled profiles was achieved using the M illipore  B iohnage  Whole 
B and A nalyser  (W B A ) softw are system.
A  com prehensive study o f the bands detected  was carried out to  determ ine the  R f  and 
m olecu lar w eight values. The intensity o f  the bands w as m easured  by in tegrated  optical 
density  (IO D ), to  give a quantifiable m easurem ent o f a  band in any given lane as a  percentage 
o f the  total IO D  fo r a  given lane (% IOD). C hanges in the % IOD could  then  be taken to 
represent the  level o f synthesis for a  particular protein in relation to the  various tem perature 
regim es im posed. A s all lanes presented in the autoradiogram s w ere norm alised  fo r protein  
content, any changes in band intensity could  be attributed to an increase o r decrease in 
synthesis. T he autoradiographic profiles o f B b24 and 12C in F igure 3.1 (A  and C, B and D  
respectively) w ere alm ost identical when com paring the num ber and position  o f bands p resen t 
in the  tw o sets. Further analysis was therefore concentrated on the au toradiogram s illustra ted  
in F igure  3.1, A  and B.
B y using  the R f m easurem ents obtained from  the w hole band analysis ou tpu t files, F igure  3.1 
A  and B autoradiogram s could be sum m arised diagram m atically  (F igure 3.3 A  and B ) using  a 
com puter program m e developed for this purpose (program m e kindly donated  by M r. P. Sm ith, 
at the  Scottish  C rop R esearch Institute, Invergow rie, D undee). T he com puter application
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spatially  d istributes the R f values as a  series o f lines, each line representing  a band in 
descending order o f  sm allest to largest value.
System atic band  com parisons o f  all the  lanes presented in  the au toradiogram s w as also 
achieved using  M illipore’s W B A  B and M atch. T he data w as cross-referenced  w ith  the  
graphically  presented  gels in F igure 3.3 to give a com plete and accurate p ic tu re  o f  im portan t 
groups o f  proteins. C onstitutively and new ly synthesised proteins in  the  d ifferen t tem perature 
regim es im posed  w ere highlighted to  illustra te  proteins related  by m olecu lar w eight to hsps. 
C om parisons w ere m ade no t ju s t w ithin a  gel bu t global m atches betw een gels w ere achieved 
to  determ ine the presence o f proteins, w hich w ere com m on to both  species o f Serpula.
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Lane No.
F ig u re  3.3 A  and B. D iagram m atic interpretation o f the band distribution in autoradiogram s illustrated in Figure 3.1 A  and B. N um bered lines refer to 
band num bers (#) on w hole band analysis data. R efer to F igure 3.1 A  and B legend for lane descriptions.
T ables 3 .1 .2  and 3.1.3 represents a  sum m ary o f  bands present in  extracts o f B b24 w hich  are 
conserved  and new ly synthesised respectively, in re lation to  the control (lane 8 o f  the 
au toradiogram  depicted  in Figure 3.1 A  and diagram m atic in terpretation in F igure  3.3 A).
Molecular Lanes
Weight(kD) 2 3 4 5 6 7 8 9 10
90 1 1 1
83.4 3 1 2
73.8 2 6 3 3
69.6 5 4 7 4 3 4 4 4
66.3 6 8 5 4 5 5 5
63 5 9 6 5 6 6 4 6
54.5 7 8 11 8 9 7 9
52.5 8 9 13 10 8 10
50.3 9 10 14 11 8 11 9 11
45.6 11 12 14 10 10
*42.6 12 13 16 15 11 14 11 9 15
37.9 16 17 17 13 12 17
*36 13 17 18 18 14 15 13 10 18
34 14 19 14
*30 16 19 21 21 16 16 15 12 19
*28 18 21 22 23 18 18 16 13 20
*25.7 20 23 24 25 20 21 17 14 21
*24.7 21 24 25 26 21 22 18 15 22
24 25 26 27 22 23 19 16 23
23 26 27 20 17
*21.7 23 27 28 28 24 26 21 18 25
20.6 28 29 29 27 22
20 29 26 23 20 27
19.3 25 30 30 24
*18.7 26 31 31 31 28 29 25 21 28
*17.7 27 32 32 32 29 30 26 22 29
16.8 28 33 33 27
*16.3 29 34 34 33 30 31 28 23 31
15.8 30 35 34 31 29 32
14.8 36 36 35 32 33 30 33
*14.3 32 37 37 36 33 34 31 24 34
12 38 37 35 32 35
9.2 34 39 38 36 33 36
T a b le  3.1.2. M olecular w eights o f conserved proteins expressed in  B b24 extracts. B and 
num bers correspond to those indicated in F igure 3.3 A. M olecular w eights p refixed  w ith  **’ 
relate proteins continuously expressed throughout the tem perature reg im es im posed, 
illustrated  in Figure 3.4 A.
Molecular 
Weight(kD)
Lanes
2 3 4 5 6 7 8 9 10
94.8 1
*86.2 2 1 1 1
81.3 4
*79 2 1 5 2 2 2 2
71.1 4 3 3
60.4 7
*59 6 7 6 8 5 8
*57 7 10 9
*53.4 9 12 9 7 10 6
48.6 12 12
*46.8 10 11 15 13 9 8 13
41.3 14 12
40.3 15 16
33 19 20
*32.4 15 18 15 11
31.4 20
29.1 17 20 22 17 17
*27.2 19 22 23 24 19 19
26.7 20
22.2 23 25
20.8 24 25 19 26
13.5 25
*8.6 40 36 26
Table 3.1.3. M olecular weights o f new ly synthesised proteins expressed in  B b24  extracts. 
B and  num bers correspond to those indicated in F igures 3.3 A. M olecu lar w eights p refixed  
w ith  ‘** relate  to proteins illustrated in Figure 3.4 B.
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F ig u re  3.4 A and B. Autoradiograms annotated for conserved (A) and newly synthesised (B) 
proteins present in Bb24 extracts which have undergone various temperature regimes. Values 
to the left refer to molecular weight markers, 14.3 -  220 kD, and values to the right of the gels 
represent approximate molecular weights of highlighted bands. Refer to Figure 3.3 A legend 
for description of lanes 1 - 10 in both profiles.
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A  core set o f proteins w hich are constitutively expressed  throughout the  various tem peratu re  
regim es im posed  on B b24 cultures are w ith in  the m id  to low  m olecular w eight range o f  42 .6 , 
to  14.3 kD  (prefixed w ith * in Table 3.1.2, illustra ted  in  F igure 3.4 A). T he au to rad iog ram  
profile  fo r B b24 in tracellu lar extracts show  a variety  o f  bands w hich correspond by  m olecu lar 
w eight to  several hsps: hsp90 (90 kD ), 70 (69.6 kD ), 30 (30 kD ), 26 (25.7 kD ), 23 (23 kD ), 18 
(17.7 kD ), 17 (16.8 kD ), 16 (16.3 kD) and 12 (12 kD ) m olecular w eights, h igh ligh ted  in  
brackets. W ith in  th is range, 16. 3 to 30 kD  are seen to  be  constitu tively  expressed  th roughou t 
the  tem perature regim es im posed and could  be rela ted  by M r to  the  sm all hsp  fam ily  (M r o f  16 
- 40  kD ). A nother stress related protein running at 63 kD  is sim ilar in  m olecular w eigh t to tha t 
o f the stress-related  A M P-activated protein kinase. T he b iochem ical characterisation  o f  th is 
k inase in  ra t liver illustrates a single polypeptide chain  o f  63 kD  w hich con tains bo th  the 
allosteric (A M P) and catalytic (ATP) sites (C arling et. al. 1987).
C hanges in the intensity  o f  a particular band in relation to its synthesis can be deduced  from  
the % IO D  values. There are distinct differences in the pattern  o f  synthesis w hen com paring  
against the various tem perature regim es im posed. T ab le  3 .1 .4  outlines the %  IO D  values for 
the h ighlighted conserved proteins (prefixed w ith *) illustrated  in  Table 3 .1 .2  and  F igure  3.4 
A. T here is increased synthesis o f 36 kD  w hen B b24 cultures are p laced  in to  sub lethal 
tem peratures, T rain  A  and B (bands 13 and 18, lane 2 and 5 respectively), w ith  values o f  1.16 
and 1.37 w hen com pared to  the control value o f 0 .96 (Train C, lane 8, bands 13).
A  sim ilar trend  can be seen for both 16.3 kD  and 42.6 kD  proteins present in  the  con tro l 
(Train C). W ith  values o f 5.25 and 5.84 (Train C , lane 8, bands 28 and 11 respectively), 
approxim ately  1.5 and 5.5 fold increase fo r Train A  counterparts (lane 2, bands 29 and  12 
respectively); and approxim ately 1 and 1.6 fo ld  increase fo r T rain  B (lane 5, bands 15 and  33 
respectively). T he opposite o f this trend can be illustrated  w ith decreased synthesis during
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sublethal tem perature  regim es (T rain A  and B) fo r 69.6, 50.3, 30, 28, 24.7 and 14.3 kD  w hen 
com pared  to  the  % IO D  values fo r their control counterparts. T he com parison o f  % IOD  values 
fo r T rain  A  and  B cultures (lanes 2 and 5 respectively) to control (lane 8) are illustra ted  in  
T able 3.1.4, p refixed  w ith  + or =.
Molecular
Weight
Lanes
%IOD
(kD) 2 3 4 5 6 7 8 9 10
*69.6 "1.16 0.79 2.07 "1.63 0.35 2.70 3.35 3.11
*63 11.83 1.41 "1.62 8.34 2.74 6.27 6.08 2.50
*50 "0.84 0.54 0.44 "2.29 1.19 1.01 3.01 2.10
*42.6 +32.0 5.22 8.99 +9.23 4.74 10.06 5.84 16.8 2.49
*36 +1.16 2.18 4.42 +2.37 2.03 3.06 0.96 0.20 1.43
*30 "2.01 7.63 8.85 "8.85 8.25 11.06 11.06 4.54 5.71
*28 ‘0.96 3.58 13.04 "5.26 0.80 2.09 12.36 4.30 9.21
*25.7 +13.5 4.39 4.99 "5.21 2.62 3.51 5.42 10.84 4.89
*24.7 "2.04 2.48 3.17 "3.95 2.89 4.49 5.02 3.71 2.72
*21.7 "1.34 3.04 1.89 J3.04 1.49 1.25 2.80 1.93 1.53
*18.7 +4.32 2.37 2.48 "2.14 2.33 3.79 2.31 1.88 2.81
*17.7 “0.59 2.53 1.11 * 2.03 3.18 2.10 1.84 5.08 1.82
*16.3 +7.85 4.47 4.62 +5.69 3.84 7.75 5.25 4.23 5.59
*14.3 "0.27 1.65 1.37 “0.78 1.66 0.35 1.48 1.99 2.38
T a b le  3.1.4. Q uantification o f band intensities m easured  as % IOD o f conserved  proteins, 
w hich are expressed  in extracts o f  Bb24. M olecu lar w eights prefixed w ith * relate  to proteins 
illustrate in F igure  3.4 A. V alues in lanes 2 and 5 prefixed  w ith + or ' correspond to  increased 
or decreased synthesis in relation to control values in lane 8.
O ne protein, 17.7 kD  has increased synthesis during extrem e heat treatm ent, bu t decreases in 
synthesis w hen cultures are p laced back in to  recovery  (optim um  conditions). T he M r o f  this 
polypeptide corresponds to the sm all heat-shock  protein , h sp l8 . A  4.3 fo ld  increase in this 
protein, during extrem e heat treatm ent occurs for T rain  A  culture com pared to that o f  T rain  B 
and control cultures w ith a  1.6 and 2.8 fo ld  increase respectively.
C om parisons w ere also m ade to identify any new ly synthesised proteins w hich are expressed  
due to shifts in  tem perature and w hich w ere not p resen t in the control, T rain  C ex tracts. T hese
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new  proteins ranged  from  86.2 to 8.6 kD  and are sum m arised in T ab le  3.1.3. Proteins o f  
particu lar in terest are those sim ilar in  s ize  to hsps illustrated  in  F igure  3 .4  B  and include 79, 
59 and 27.2 kD  corresponding by M r to hsp80, 60 and 27, respectively. Increased synthesis o f 
a  59 kD  pro tein  occurs during the extrem e heat treatm ent o f  T rain  A , B and  control extracts 
(lane 3, 6 and 9 in  F igure 3.4 B respectively). T he h ighest % IO D  w as found  fo r the  extrem e 
heat-treated  control w ith a  value o f  4.38. T he reverse  w as observed fo r 32.4 kD  upon  extrem e 
heat treatm ent o f Train A  and B cultures, the values are 5.81 and 4 .08 respectively. T his is 
betw een 10 to 12 tim es greater than the extrem e heat-treated  control (lane 9), w ith  a  value o f 
0.45.
T he trend  w hereby increased synthesis o f  a particu lar pro tein  does no t occur on exposure  to 
extrem e heat treatm ent is seen for 27.2 kD . The % IO D  is h igher in both  train ing  regim es and 
recovery  periods (lanes 2, 5 and lanes 4, 7 respectively). T he reverse o f this is illustrated  by 
com paring the %  IO D ’s fo r the 86.2 kD  protein. T his is p resent in low  levels in  lane 4, 6 and 7 
(bands 2, 1, 1 and 1 respectively), but show ing increased  synthesis in the  control culture 
exposed to extrem e heat treatm ent (lane 9, band  1). T he values for these observations are 
illustrated  in the Table 3.1.5.
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Molecular Lanes %IOD
Weight(kD) 2 3 4 5 6 7 8 9 10
*86.2 0.47 0.97 0.35 2.36
*79 0.34 0.65 1.46 1.15 0.79 2.80 2.18
*59 3.80 0.26 2.35 1.04 4.34 2.44
*57 0.65 1.25 2.14
*46.8 0.52 1.02 0.98 1.70 1.86 2.48 0.73 1.35
*32.4 1.82 5.81 4.08 0.45
*27.2 3.75 1.33 7.72 4.44 1.54 3.01
T a b le  3 .1 .5 . Q uantification o f  band intensities m easured as %  IO D  o f new ly synthesised 
proteins w hich are expressed during a shift in tem perature in  extracts o f  B b24. M olecu lar 
w eights prefixed  w ith * relate to proteins illustrate in  F igure 3.4 B.
87
Tables 3 .1 .6  and 3.1.7 dem onstrate com parisons o f  12C extracts represen ted  in  the 
autoradiogram  in  F igure  3.2 B w hich is graphically  in terpreted  in F igure 3.3 B to  identify  
constitu tively  and  new ly  synthesised proteins in  relation to  the  control (lane 8 o f bo th  F igures) 
are illustrated  in Tables 3.1.6 and 3.1.7.
Molecular Lanes
Weight(kD) 2 3 4 5 6 7 8 9 10
*60.6 3 1 2 1 1
*56.3 4 2 3 2 2 2
55.6 3
*50 5 3 4 3 4
*45 6 4 1 5 4 5 3
*43.5 7 6 6 5
41.2 8 7 6
36.9 9 6 8
33.7 9 5 2 10 7 9
31.8 10 6 3 11 8 10
*30 11 7 12 9 11 7
*27.7 12 8 14 10 12 8
*26.4 13 9 15 11 1 13 9
25.1 10 16 12 14 10
*23.4 14 11 13 15
22.4 15 12 18 14 16
21.4 16 13 19 15 17
21 18
*20.3 17 14 4 20 16 19
19.3 18 20
18.5 19 15 22 21
17.8 18 22
17.2 20 24 19 23
16.4 24
*15.2 21 16 25 20 25
12.1 26 21 26
*10.5 23 17 27 22 27
T a b le  3.1.6. M olecular w eights o f conserved proteins expressed in  12C extracts. B and 
num bers correspond to those indicated in Figure 3.3 B. M olecu lar w eights p refixed  w ith  *** 
relate to  proteins illustrated  in Figure 3.5 A.
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Molecular 
Weight(kD)
Lanes
2 3 4 5 6 7 8 9 10
66.7 1
65.2 200•HVO 1
48 4
41.9 5
40 8 7
29.5 13
26.9 1
19.8 21 17
14.4 22
T a b le  3.1.7. M olecular w eights o f newly synthesised proteins expressed in 12C extracts. B and  
num bers correspond to those indicated in F igures 3.3 and 3.5 B.
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F ig u re  3.5 A and B. Autoradiograms annotated for conserved (A) and newly synthesised (B) 
proteins for extracts of 12C. Values to the left refer to molecular weight markers, 14.3 -  220 
kD, and values to the right of the gels represent approximate molecular weights of highlighted 
bands. Refer to Figure 3.3 B legend for description of lanes 1 - 10 in both gels.
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A  core group o f proteins w hich is consistently  expressed  throughout the  various tem perature  
regim es im posed  on 12C cultures are spread throughout from  high  to low  m olecu lar w eight 
range (prefixed w ith  * in  Table 3.1.6, illustra ted  in Figure 3.5 A). T hese pro teins are also 
close in  m olecu lar w eight to a  num ber o f hsps, w hich have been identified in  o ther eukaryotic  
system s. T hese  include: 60.6 (hsp60), 30 (hsp30), 27.7 (hsp28), 26.4 (hsp26), 23.4 (hsp23),
22.4 (hsp22) and 12.1 kD  (hsp l2 ).
T he range o f  new ly synthesised proteins com pared  to  those found in  B b24 ex tracts is fa r less, 
w ith only 10 recognisable proteins seen (Table 3.1.7). T he range, un like that fo r B b24 , w hich  
is concentrated  betw een m id to high m olecular w eight regions, is expressed th roughou t the  
high to  low  sectors o f the autoradiogram . In com parison to the continuously  expressed  
proteins, none o f the  new  proteins appear to  correlate w ith know n hsps.
Q uantitative changes in relation to shifts in  tem perature w ere determ ined by studying the % 
IO D  distribution throughout the lanes for any one particular protein. T ab le  3.1.8 depicts 
changes in  %  IO D  for constitutively expressed  proteins of in terest in 12C extracts. O verall 
there is no  fixed  trend, w hich can be distinguished betw een all the proteins h ighlighted, bu t a  
com plex pattern  o f synthesis occurs to each individual protein. The changes in the  level o f  
synthesis can be related to the various tem perature regim es im posed. Increased and decreased  
synthesis for proteins expressed in cultures subjected  to sublethal tem peratures, T rain  A  and B 
extracts (lanes 2 and 5 respectively) are com pared  to the control represented in  lane 8 w hich 
are illustrated  in Table  3.1.4 and prefixed w ith  + o r \
91
Molecular
Weight
Lanes
%IOD
(kD) 2 3 4 5 6 7 8 9 10
*60.6 “2.33 8.46 “0.93 5.61 3.62
*56.3 +7.57 5.49 “3.68 3.65 4.06 7.97
*50 +6.55 7.29 “3.81 4.26 5.99
*45 "4.96 4.54 52.92 +6.04 13.35 5.51 9.38
33.7 “1.62 3.45 9.14 +3.67 2.55 2.79
31.8 “1.74 5.93 15.40 +3.55 2.70 3.38
*30 +12.00 11.22 “6.18 3.34 11.19 20.40
*27.7 “3.28 6.19 +6.59 4.99 5.29 2.09
*26.4 “2.85 6.79 +6.79 20.27 6.50 25.28
*23.4 +9.67 3.41 4.59 2.23
*20.3 +16.20 18.07 22.53 +7.03 3.01 4.01
*15.2 +6.47 1.69 “0.89 1.41 1.43
*10.5 “1.37 1.76 “1.85 3.01 2.10
T a b le  3.1.8. Q uantification o f  band in tensities m easured  as % IOD o f  conserved  proteins, 
w hich are expressed in extracts o f 12C. M olecular w eights p refixed  w ith  * relate  to  proteins 
illustrated  in F igure  3.5 A. V alues in lanes 2 and 5 prefixed  w ith  + o r ' co rrespond to  increased  
or decreased synthesis respectively, in  relation to  control values in  lane 8.
D ecreased synthesis o f 60.6 kD  protein occurs in both T rain  A  and B extracts, w ith 
approxim ately  1.5 and 4  fold decrease respectively, com pared  to its presence in the  control 
extract. U pon exposure to extrem e heat treatm ent, synthesis o f  this p ro te in  increases 
dram atically  in  both  Train A  (lane 3) and B extracts (lane 6) w ith %  IO D ’s o f  8.46 and 5.61 
respectively. A  sim ilar trend occurs for 10.5 kD  protein  w hereby there is decreased  synthesis 
during sublethal tem perature (Train A and B) conditions com pared to the con tro l, bu t upon 
exposure to extrem e heat treatm ent there is increased synthesis.
D ifferences occur in the level o f expression o f proteins present in  T rain  A  and  B extracts. F or 
exam ple, increased synthesis o f a  given protein  in T rain  A  m ay show  a decrease in T rain  B 
w hen com pared  to  the control counterpart. This is illustrated  clearly fo r pro teins 56.3 , 50, 30,
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and 15.2 kD , the  reverse o f this trend w ith  increased synthesis in  T rain  B  and  no t T rain  A  
occurs fo r 45, 33.7, 3 1 .8 ,2 7 .7  and 26.4 kD  (Table 3.1.8).
T he effect o f  extrem e heat treatm ent (lanes 3, 6 and 9) upon trained and con tro l cultures is 
also com plex, increased synthesis occurs no t only fo r 60.6 kD , prev iously  m en tioned  bu t fo r 
50, 26 .4  and 10.5 kD  proteins. D istinct d ifferences in  the levels o f  synthesis o f  33.7 , 31.8, 30,
27.7  and 20.3 kD  proteins are also apparent w hen com paring the ex trem e heat trea tm ent o f 
T rain  A  and B extracts. Increased synthesis occurs fo r T rain  A  bu t no t T ra in  B ex tracts (lane 3 
and 6), w ith  the reverse o f this trend occurring fo r only  15.2 and 45 kD .
A  fu rther layer o f com plexity  can be  observed  fo r the  levels o f synthesis o f  30 and 45 kD  
proteins p resen t in control extrem e heat treated  extracts (lane 9). A  2  fo ld  increase occurred 
w hen tra ined  (A  and B ) sam ples w ere exposed to  extrem e tem peratures.
R ecovery  o f  constitutively expressed proteins only appears fo r 4  proteins, w hich  have been 
exposed  to  sublethal tem peratures (Train A ), 45, 33.7, 31.8 and 20.3 kD. It can  be surm ised 
that although the recovery profile o f Train A  does no t resem ble the contro l p ro file  in  lane 8, 
the presence o f  4 proteins m entioned above support the  possib ility  that if  the  cu ltures w ere left 
longer than 24  h r to recover, they m ay have resum ed their original pattern  o f  synthesis.
Proteins present only w hen cultures w ere exposed to  a  change in tem perature  and  no t in  the 
control (lane 8) w ere also exam ined for any d istinct changes in the level o f  synthesis w ith 
respect to  the % IOD. Table 3.1.9 illustrates that overall there was an increase in  the  new ly 
synthesised proteins for exam ple, 29.5 (lane 5, band 13) and 48 kD  (lane 9, band  4) w ith % 
IO D ’s o f  7 and 8.28 respectively.
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Molecular
Weight
Lanes
%IOD
<kD) 2 3 4 5 6 7 8 9 10
66.7 1.21 .
65.2 0.00 0.34
61.8 8.28
48 3.24
41.9
40 2.23 2.05
29.5 7.00
19.8 1.84 1.00
14.4 0.52
T a b le  3.1.9. Q uantification o f  band intensities m easured as % IOD o f new ly synthesised  
proteins, w hich are expressed in extracts o f 12C, w hich have been exposed  to  a  change in 
tem perature.
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Global band comparisons between the two species of Serpula were undertaken to establish the
presence of conserved proteins common to both. Figure 3.6 A and B illustrates nine proteins 
ranging between 50.3 - 9.2 kD.
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F ig u re  3.6 A and B. Comparative analysis of Bb24 and 12C autoradiograms depicting sets of 
proteins which are conserved in both species (molecular weights to the right of the gels). 
Refer to Figure 3.3 A and B legend for description of lanes 1 - 10 in both profiles.
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T able  3.2 .0  depicts the com parative study m ade betw een B b24 and 12C to  iden tify  pro teins
w hich are constitu tively  synthesised in bo th  Serpula  species. Proteins w ith  approxim ate
m olecu lar w eights o f  30, 26, 20, 19, 18 and 16 kD  resem ble in  size hsp30, 26, 20, 19, 18 and
16 respectively.
Lanes
Bb24 12C
Band
(kD)
2 3 4 5 6 7 8 9 10 Band
(kD)
2 3 4 5 6 7 8 9 10
50.0 9 10 14 11 8 11 9 11 50.4 5 3 4 3 4
42.6 12 13 16 15 11 14 11 9 14 43.5 7 6 6 5
30.0 16 19 21 21 16 16 15 12 19 30.0 11 7 3 12 9 11 7
25.7 20 23 24 25 20 21 17 14 21 26.4 13 9 15 11 1 13 9
20.0 29 26 23 20 27 20.3 17 14 4 20 16 19
18.7 26 31 31 31 28 29 25 21 28 19.3 18 20
17.7 27 32 32 32 29 30 26 22 29 18.5 19 15 22 21
16.3 29 34 34 33 30 31 28 23 31 17.2 20 24 19 23
14.8 36 36 35 32 33 30 33 15.2 21 16 25 20 25
9.2 34 39 38 36 33 37 10.5 23 17 27 22 27
T a b le  3 .2 .0 . C om parisons o f a  core set o f pro teins w hich are expressed in both  B b24  and 12C. 
B and num bers correspond to those indicated in F igure 3.3 A  and B.
O verall, there are distinct sim ilarities and differences betw een the tw o species. T his can be 
sum m arised by the follow ing points.
(i) C onserved  proteins o f high m olecular w eight w ere prevalen t in B b24 bu t no t 12C, w ith the 
h ighest detectable protein in 12C o f 60.6 kD , com pared  to B b24 w ith 90 kD.
(ii) A  sim ilar pro tein  in size to that of the A M P K  protein  p63, was detectable in  ex tracts o f 
B b24 bu t no t 12C.
(iii) P ro teins sim ilar in m olecular w eight hsp from  the four m ajor fam ilies o f  heat shock  
proteins w ere identifiable in both B b24 and 12C, w hich are sum m arised in T ab le  3.2.1.
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Hsp
Family
Bb24 (kD) 12C (kD)
Constitutively New Constitutively New
Hsp 90
(Mr 83 - 96 kD)
83.4,90 68.2,81.3,
94.8
Hsp 70
(Mr 67 - 78 kD)
69.9,73.8 71.1
Hsp 60/GroEL 
(Mr 58 - 65 kD)
59, 60.4 60.6 61.8,65.2
Small Hsps 
(Mr 12 - 44 kD)
12,14.3,16.3,
16.8,17.7,20,
20.6,21.7,23,
24.7,25.7,30,
34
13.5,20.8,
22.2,27.2,
32.4,
12.1,16.4,
17.2,17.8,
20.3.21.22.4,
23.4.25.26.4, 
30
14.4,19.8,
26.9,29.5
T a b le  3.2.1. Sum m ary o f  proteins expressed in  B b24  and 12C extracts, w hich are related  by 
m olecular w eight to hsps.
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3.1 .4  F u r th e r  E x a m in a tio n  o f  N ew ly S yn thesised  P ro te in s  b y  2-D  SD S P A G E .
S ince O ’Farrell (1975) introduced the technique fo r h igh-reso lu tion  tw o-dim ensional 
polyacrylam ide gel electrophoresis (2-D PA G E), it has becom e one o f  the  m ost pow erfu l tools 
fo r the  separation  and quantification o f com plex m ixtures o f proteins. T his techn ique em ploys 
the  separation o f  denatured proteins according to  the ir m olecular w eight and isoelectric  point, 
w ith  sufficien t resolution to allow  individual proteins to  appear as d iscrete  spots on  a 
polyacrylam ide gel. D ue to  its resolution, the 2-D  PA G E  technique has been  app lied  to  vast 
num ber o f  bio logical system s (Cash, 1991; T isso t and Spertini, 1995).
M any environm ental stresses result in alterations in  the  patterns o f  p ro te in  synthesis in 
prokaryotic  and eukaryotic cells, and there is o ften  overlap  betw een the sets o f  polypeptides 
induced  by various stresses. Studies illustrating the com parative analysis o f  stress factors such 
as U V  radiation, oxygen, and ethanol shock upon R hodobacter sphaeroides  (N epple and 
B achofen, 1997) and salt stress, w ater deficit and osm otic stress in  barley  roots (H urkm an and 
Tanaka, 1988), are but tw o o f the many exam ples in  w hich 2-D  PA G E  w as used.
T he aim s o f the research outlined below were as follow s.
(i) T o  apply 2D  PA G E for the analysis and com parison  o f pro tein  profiles o f  S. cerevisiae  
w ine yeast, L-2226 and the tw o Serpula species, fo r the  identification  o f  any changes due 
to  the  tem perature regim es im posed.
(ii) T o  show  any specific changes due to  changes in tem perature w hich can be  correla ted  by 
m olecular w eight to hsps.
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Initially control experiments using non-labelled intracellular yeast extracts were run to test the 
2-D NEPHGE system used. The following silver stained profiles represents the changes in 
total protein in relation to the various temperature regimes imposed on yeast, L-2226 cultures 
(Figure 3.7).
pH3.5 ^>pH9.5
.76 kD 
.66.2 kD
.43 kD 
.36 kD
.31 kD
.21.5 kD 
.17.5 kD
.76 kD 
.66.2 kD
.43 kD 
.36 kD
.31 kD
.21.5 kD 
.17.5 kD
F ig u re  3.7 A - D. Two-dimensional silver stained profiles of the separation of total proteins 
synthesised by yeast (wine strain L-2226) cultures, which have under gone sequential 
temperature regimes. (A) Control cultures grown at optimum conditions of 30 °C /I hr. (B) 
Subjected to a sublethal temperature of 42 °C /I hr. (C) Exposure to extreme heat of 52 °C /I 
hr. (D) Placed into recovery at 30 °C /I hr. All 1-dimensional loading were equalised for 
approximately 6 - 1 0  p,g. Values to the right of the gels represents the location of molecular 
weight standards analysed on parallel marker gels, ranging from 17.5 - 76 kD (Bio-Rad 2-D 
SDS-PAGE standards, cat. 161-0320).
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2-D  autoradiogram s o f B b24 in tracellu lar extracts o f cultures grow n at the  various 
tem perature reg im es outlined in  C hapter 2, section 2.1.1.2, are represented in  F igure  3.8. T he 
reso lu tion  o f  pro teins separated for 12C in tracellu lar extracts was no t as clearly  defined  as 
com pared to  those  o f B b24 extracts, resulting  in  incom plete analysis o f  the  au toradiogram s 
(data no t show n).
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NEPHGE
pH3.5------------------- >pH9.5
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__ 36 kD
31 kD
__ 21.5 kD
__ 17.5 kD
F ig u re  3.8 A - I. Two-dimensional autoradiogram profile of Bb24 Train A, B and control 
(Train C) cultures. Each pattern corresponds to one of the synthesised polypeptide profiles 
observed by investigating the different stages of the temperature regimes imposed.
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Figure 3.8 A - C. Train A cultures: (A) cultures first exposed to sublethal temperature o f 28 
°C for 48 hr; (B) then exposed to extreme heat treatment of 40 °C for 3 hr; (C) after which 
they are placed into recovery after the extreme treatment at optimum conditions o f 25 °C for 
24 hr.
D - F, Train B cultures: (D) cultures first exposed to sublethal temperature of 30 °C for 48 hr; 
(E) cultures then exposed to extreme heat treatment of 40 °C for 3 hr; (F) placed into recovery 
after extreme treatment at optimum conditions of 25 °C for 24 hr.
G - 1, Train C (Control) cultures: (G) cultures grown at optimum conditions of 25 °C for 24 
hr; (H) cultures exposed extreme heat treatment of 40 °C for 3 hr and (I) placed into recovery 
after extreme treatment at optimum conditions of 25 °C for 24 hr.
All 1-dimensional loading were equalised for approximately 60 - 80 p,g. Values to the right of 
the gels represents the location of molecular weight standards analysed on parallel marker 
gels, ranging from 17.5 - 76 kD (Bio-Rad 2-D SDS-PAGE standards, cat. 161-0320).
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The data presented above were obtained using NEPHGE in the first dimension o f 2-D SDS 
PAGE. Under these conditions described previously in section 2.3, approximately 100 - 150 
proteins in total were resolved for L-2226 yeast extracts (Figure 3.7) and 30 - 60 for Bb24 
extracts (Figure 3.8).
For computer-assisted gel matching, images (1024 x 1024 pixels) o f stained and 
autoradiographed gels were captured as described in Section 2.4.4. and transferred to 
“Phoretix” 2-D Lite analytical software version 3.51 for initial analysis and transferred to Bio 
Image Intelligent Quantifier for full analysis. The protein spots were detected by a 
combination of automatic spot detection protocols, and manual editing used to calculate the 
p/'s and molecular weights.
The data presented in Figures 3.7 and 3.8 demonstrated that a proportion of the proteins 
resolved by 2-D PAGE were constitutively expressed in all the temperature regimes imposed 
for both S. cerev is ia e  (L-2226) and S. h im an tio ides  (Bb24). It is also clearly shown that there 
are a number of proteins, which are expressed at increased temperatures only.
Figures 3.9 and 3.10 A - D show core sets of constitutively and newly synthesised proteins 
present in the intracellular L-2226 extracts, with estimated values for pI  and Mr summarised in 
Table 3.2.2 and 3.2.3 respectively.
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F ig u re  3.9 A - D. Comparative analysis of L-2226 protein profiles depicting sets of proteins, 
which are constitutively present in all treatment regimes used. (A) Represents the control, 
cultures grown at 30 °C for 1 hr, (B) cultures are then subjected to a sublethal temperature of 
42 °C for 1 hr, after which, (C) exposed to extreme heat treatment of 52 °C for 1 hr and finally 
placed into recovery (D) back into optimal conditions of 30 °C for 1 hr. Highlighted regions 
with labelled proteins correspond to values presented in Table 3.2.2.
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Table 3.2.2 summarises core sets of proteins i.e. constitutively present, in all the treatment
regimes imposed on L-2226 cultures illustrated in Figure 3.9.
S p o t  n u m b e r  i n  
r e f e r e n c e  
p r o f i l e s  i n  
F i g u r e  3 . 9
S p o t  n u m b e r  i n  m a s t e r  p r o f i l e s  
F i g u r e :
A ( O p t )  B ( T r )  C(HS)  D(R)
E s t i m a t e d
px
E s t i m a t e d
Mr
( x l O 3)
1 102 57 4 93 5 . 6 6 7 . 8
2 2 7 88 96 4 . 1 5 4 . 2
3 126 4 6 2 4 . 9 5 3 . 4
4 4 5 10 10 5 . 1 5 3 . 1
5 3 6 11 3 5 . 3 5 3 . 2
6 15 4 8 20 6 80 5 . 5 5 2 . 4
7 10 9 117 5 5 . 6 5 1 . 5
8 11 10 15 6 5 . 7 5 0 . 2
9 18 23 131 5 . 6 4 6 . 6
10 63 222 11 5 . 7 4 7 . 5
11 62 65 24 76 5 . 9 4 4 . 8
12 29 97 155 120 4 . 9 4 1 . 7
13 27 85 135 119 5 . 2 4 1 . 2
14 34 34 117 121 5 . 6 4 0 . 7
15 36 32 128 122 5 . 6 4 0 . 3
16 40 33 248 110 4 . 9 3 9 . 1
17 43 35 120 109 5 . 1 3 9 . 0
18 91 95 45 40 5 . 4 3 8 . 2
19 90 200 12 4 5 . 3 3 6 . 0
20 52 46 201 123 5 . 6 3 5 . 7
21 170 47 24 5 139 5 . 6 3 5 . 6
22 64 49 89 61 5 . 7 3 4 . 7
23 58 83 63 90 3 . 6 3 1 . 0
24 60 51 65 135 4 . 3 3 0 . 7
25 132 97 89 8 .8 2 7 . 9
26 115 54 70 68 4 . 5 2 6 . 7
27 80 10 5 78 72 4 . 9 2 5 . 5
28 61 76 74 84 3 . 3 2 3 . 1
29 79 56 76 70 5 . 6 1 9 . 9
Table 3.2.2. Summary of protein matching between core sets of proteins present in all silver 
stained L-2226 profiles with estimated p/ and molecular weights (Mr). Comparisons made 
against master gel profile, which is represented by the L-2226 control profile shown in Figure 
3.9A.
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F ig u re  3.10 A - D. Comparative analysis of L-2226 protein profiles depicting sets of proteins, 
which are newly synthesised due to shift in temperature. (A) Represents the control, cultures 
grown at 30 °C for 1 hr, (B) cultures are then subjected to a sublethal temperature of 42 °C for 
1 hr, after which, (C) exposed to extreme heat treatment of 52 °C for 1 hr and finally placed 
into recovery (D) back into optimal conditions of 30 °C for 1 hr. Highlighted regions with 
labelled proteins correspond to values presented in Table 3.2.3.
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Table 3.2.3 summarises the sets of proteins, which were newly synthesised due to a change in
temperature imposed on L-2226 cultures illustrated in Figure 3.10.
Spot number in 
reference 
profiles in 
Figure 3.10
Spot number in master profiles 
Figure:
A(Opt) B(Tr) C(HS) D(R)
Estimated
px
Estimated
Mr
(xlO3)
30 61 3 91 4 . 6 7 7 . 9
31 58 79 92 5 . 5 7 9 . 9
32 11 5 4 . 9 7 1 . 9
33 59 2 146 5 . 1 7 2 . 5
34 67 8 .6 6 5 . 3
35 15 9 8 .2 6 2 . 5
36 80 18 8 97 4 . 3 4 9 . 0
37 66 8 .0 4 8 . 9
38 12 8 . 7 4 3 . 7
39 119 8 .8 4 2 . 6
40 107 8 .6 4 0 . 8
41 27 7 . 5 4 0 . 0
42 28 7 . 8 4 0 . 0
43 31 8 . 3 3 9 . 8
44 41 8 . 7 3 6 . 2
45 48 8 . 5 3 4 . 3
46 52 93 8 . 4 3 0 . 7
47 90 75 6 . 5 3 1 . 3
48 101 95 144 4 . 6 3 0 . 2
49 103 68 87 4 . 7 3 8 . 7
50 71 67 4 . 2 2 7 . 3
51 129 91 5 . 4 2 7 . 7
52 10 4 72 86 4 . 6 2 6 . 5
53 1 2 4 92 5 . 6 2 7 . 1
54 10 9 243 5 . 9 2 7 . 4
55 109 6 . 5 2 7 . 6
56 75 100 3 . 4 2 5 . 2
57 74 75 69 4 . 2 1 9 . 9
58 11 6 212 5 . 4 2 0 . 5
59 68 8 .8 1 7 . 3
60 73 211 4 . 8 2 0 . 7
61 10 5 145 6 .6 1 9 . 8
62 72 24 6 4 . 5 1 8 . 2
63 70 98 5 . 3 1 8 . 4
64 71 103 73 6 .6 1 8 . 4
65 77 74 7 . 7 1 8 . 3
66 69 9 . 0 1 5 . 4
Table 3.2.3. Summary of protein matching between newly synthesised proteins present in all 
silver stained L-2226 profiles with estimated p / and molecular weights (Mr).
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The 2-D analysis o f total protein content present in intracellular extracts of L-2226 cultures, 
which have been exposed to heat stress, illustrates distinct changes. A number of proteins 
were identified as being present throughout the temperature regimes applied and these are 
clearly illustrated in Figure 3.9. Estimated values corresponding to the pI  and Mr for the 
highlighted proteins are summarised in Table 3.2.2 show a wide range of molecular weights 
from 67.8 kD to 19.9 kD. There are approximately 6 subsets of proteins (A/B/C/D3 - 22; 
Figure 3.9) which are clearly identified in all the extracts analysed and appear to be a core set 
of proteins synthesised. These proteins range between 54 - 34 kD with p/'s of 4.9 -5.7. One 
subset, proteins 9 to 11 (corresponding to 46.6, 47.5 and 44.8 kD respectively) appear to 
diminish in intensity when cultures were exposed to sublethal temperature of 42 °C/ 1 hr 
(Figure 3.9 B), but increases when cultures were subjected to 52 °C /  lhr (Figure 3.9 C). 
When cultures are placed back into optimal conditions of 30 °C /  1 hr, the intensity once again 
appears to decrease. A similar trend can be seen for protein 23 (31 kD, p i  of 3.6, referred to as 
A/B/C/D23 in Figure 3.9).
There are groups of proteins that appear to show a linear train of spots with similar Mr but 
with different pTs. The formation of these proteins in a an extended train may represent 
heterogeneity of the proteins possibly resulting from post-translational modifications in v iv o , 
or the products of a multigene family. Alternatively, the line of polypeptides could be a result 
of artefacts of sample preparation and electrophoresis, but the consistency of the results would 
argue against this.
When comparing the 2-D profiles for changes in the protein patterns as a result of temperature 
shifts, there is a prominent group of basic proteins which appear to be expressed only during 
the sublethal temperature regime, 42 °C /  lhr (groups B34 - 35 and B37 - 46 depicted in 
Figure 3.10 B). These proteins lie within the 65.3 - 30 kD molecular weight range. Within the
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B37 - 46 group there is a subset B41 - 43 that have molecular weights of approximately 40 kD 
with slightly different pi’s (Refer to Table 3.2.2 for individual values). The last protein o f this 
subset, B43 protein (38.9 kD with p7 of approximately 8.3, Table 3.2.2) has the greatest 
intensity. The only protein out of this basic group (B37 - 46) which appears to be expressed 
during the subsequent temperature regime was B46 (assigned C46 in Figure 3.10 C) with an 
estimated molecular weight of 30.7 kD, p7 of approximately 8.4.
A group of high molecular weight proteins (ranging from 77.9 - 72.5 kD within the mid p i  of 
approximately 4.6 - 5.5, refer to Table 3.2.3 for individual values) appeared during the 
sublethal, extreme heat and recovery regimes as illustrated in Figure 3.10 B - D. Within this 
high molecular weight group, protein 32 shows a different pattern of expression being absent 
from the recovery phase (Figure 3.10 D). In addition, there are a number of small molecular 
weight proteins ranging from approximately 27 - 15 kD which are expressed as a result o f heat 
stress (Table 3.2.3).
An intriguing observation is that a number of the proteins, which are present only during 
elevated temperatures, correspond in molecular weight range that is characteristic o f important 
hsps (Table 3.2.3). Proteins 30 - 33 fall within the hsp70 family (Mr 67 - 78 kD) while 
proteins 33 and 34 which are only expressed during the 42 °C incubation fall in the molecular 
range of the hsp60/GroEL family (Mr 58 - 65 kD). The whole range of small molecular weight 
proteins encompasses the molecular weights of the small hsp family (Mr 1 2 - 4 4  kD). In 
addition, proteins present in both 42 °C and 52 °C and corresponding in Mr to known hsps are 
the follows: 30.7 kD (hsp30); 27.7 kD (hsp28); 25.2 kD (hsp25) and 20.7 kD (hsp21). Two 
subsets of small molecular weight proteins with similar size but slightly different p7*s are 
group 51, 53, 54 having a molecular weight similar in size to hsp27 and group 62, 63, 64, 65 
corresponding in size to hsp 18 (refer to Table 3.2.3).
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The data presented suggests that the heat-shock response can be evaluated using the 2D SDS- 
PAGE system. The next stage was the analysis of Bb24 autoradiograms to evaluate any 
changes in protein synthesis in relation to the various temperature regimes applied. Figure 
3.11 A - 1 illustrates the presence of core sets of constitutively and newly synthesised proteins 
expressed in Bb24 intracellular extracts. Proteins highlighted by circles and rectangles refer 
respectively to constitutively expressed and newly synthesised proteins.
I l l
<F ig u re  3.11 A - C. Comparative analysis of Bb24 Train protein profiles depicting sets of 
proteins, which are constitutively and newly synthesised (highlighted by circle or rectangle, 
respectively). (A) Represents cultures preconditioned to Train A temperature regime (28 °C/ 
48 hr). (B) Represents Train B cultures exposed to extreme heat treatment (40 °C/ 3 hr). (C) 
Represents extreme heat-treated cultures placed back into recovery conditions (25 °C/ 24 hr).
1 1 2
F ig u re  3.11 D - F. Comparative analysis of Bb24 Train B protein profiles depicting sets of 
proteins, which are constitutively and newly synthesised (highlighted by circle or rectangle, 
respectively). (D) Represents cultures preconditioned to Train B temperature regime (30 °C/ 
48 hr). (E) Represents Train B cultures exposed to extreme heat treatment (40 °C/ 3 hr). (F) 
Represents extreme heat-treated cultures placed back into recovery conditions (25 °C/ 24 hr).
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F ig u re  3.11 G - I. Comparative analysis of Bb24 Train C protein profiles depicting sets of 
proteins, which are constitutively and newly synthesised (highlighted by circle or rectangle, 
respectively). (G) Represents control cultures, Train C grown at optimum conditions (25 °C/ 
24 hr). (H) Represents Train C cultures exposed to extreme heat treatment (40 °C/ 3 hr). (I) 
Represents extreme heat-treated cultures placed back into recovery conditions (25 °C/ 24 hr).
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Table 3.2.4 summarises the core sets of constitutively expressed proteins (highlighted by 
circles illustrated in Figure 3.11) present in Bb24 intracellular extracts.
S p o t  n u m b e r  i n  
r e f e r e n c e  
p r o f i l e s  
r e p r e s e n t e d  i n  
F i g u r e  3.11
S p o t  
A B
n u m b e r  i n  m a s t e r  p r o f i l e s  
C D E F  G H I
E s t i m a t e d  
P I
E s t i m a t e d
Mr
(xlO3)
1 56 1 93 4 41 2 38 4 . 7 7 7 . 3
2 3 15 6 44 4 6 46 4 . 1 68 .0
3 25 39 20 5 27 7 . 4 4 4 . 6
4 7 57 95 38 43 32 57 8 4 . 1 4 5 . 3
5 26 40 9 5 . 7 4 1 . 1
6 31 42 30 2 28 61 35 4 . 9 3 5 . 0
7 32 44 66 32 27 62 36 5 . 0 3 4 . 6
8 58 43 84 31 4 29 63 42 4 . 9 3 3 . 1
9 6 21 34 18 44 22 5 . 4 3 3 . 8
10 20 7 22 35 3 7 45 23 5 . 3 3 1 . 0
11 30 50 5 70 4 . 3 3 4 . 5
12 10 26 6 11 4 . 4 3 4 . 6
13 85 36 32 3 1 4 . 8 2 7 . 4
14 19 11 27 35 40 48 30 5 . 0 2 7 . 8
15 12 10 12 7 9 13 11 5 . 5 2 6 . 9
16 21 12 14 50 11 55 14 4 . 1 2 4 . 5
17 29 49 39 13 52 54 4 . 1 2 2 . 3
18 12 68 48 20 49 21 29 15 3 . 9 1 9 . 4
19 16 67 21 47 24 24 3 . 8 1 5 . 6
20 28 69 22 48 25 30 4 3 . 9 1 8 . 3
21 27 27 15 4 . 3 2 2 .1
22 26 28 73 4 . 5 2 2 . 7
23 13 19 18 4 . 3 1 9 . 6
24 25 16 75 4 . 5 2 0 .6
25 14 61 13 24 12 12 28 26 4 . 6 1 9 . 9
26 22 13 25 27 5 . 3 2 0 .2
27 18 13 21 5 . 6 2 0 .2
28 19 10 20 5 . 8 1 9 . 7
29 47 11 5 1 6 .0 2 0 .8
30 48 52 6 .2 2 1 . 9
Table 3.2.4. Summary of protein matching between core sets o f conserved proteins present in 
Bb24 autoradiographic profiles with estimated p / and molecular weights (Mr). Comparisons 
were made against master gel profile of Bb24 control (Train C) represented in Figure 3.8 G.
115
Table 3.2.5 summarises the newly synthesised proteins (highlighted by rectangles, illustrated 
in Figure 3.11) present in Bb24 intracellular extracts which were expressed upon a shift in 
temperature.
Spot number in Spot number in master profiles Estimated Estimated
reference
profiles p x Mr
represented in
(xlO3)Figure 3.11 A B C D E F 6 H I
31* 17 88 5 . 0 7 6 . 9
32* 18 2 4 . 9 6 5 . 5
33* 35 3 5 . 1 6 2 . 7
34* 36 5 . 0 6 1 . 2
35* 4 4 4 . 6 6 0 . 0
36* 42 82 4 . 2 5 3 . 3
37* 4 . 1 4 9 . 5
38* 39 33 4 . 0 3 8 . 5
39* 8 34 4 . 1 3 1 . 1
40* 93 8 10 10 4 . 1 2 7 . 9
41* 27 28 29 5 . 3 2 4 . 3
42* 62 46 21 18 25 5 . 0 1 8 . 7
43* 65 45 23 15 42 24 5 . 2 1 7 . 7
44* 19 20 7 . 5 2 5 . 8
Table 3.2.5. Summary of protein matching between newly synthesised proteins present in 
Bb24 autoradiographic profiles with estimated p / and Mr. Comparisons made against master 
gel profiles which are represented in Appendix J, J8. Numbers depicted with *** refer to 
newly synthesised proteins annotated in Figure 3.11.
Analysis of the autoradiograms was not as straightforward as the 2-D profiles for yeast 
extracts mainly due to poor resolution and solubility of proteins. The range and number of 
proteins was far less with approximately 30 - 60 proteins resolved compared to that o f the 
yeast profiles. The number of newly synthesised proteins resulting from exposure to elevated 
temperatures was also comparatively small with the highest number present in Train A culture 
exposed to 40 °C (Figure 3.11 B, new proteins highlighted by rectangles) with 11.
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As with yeast there are groups of constitutive proteins present in all the extracts analysed with 
the exception of Train C extreme heat-treated cultures (Figure 3.11 H) where there are no 
detectable proteins. The overall pattern of synthesis illustrated in Figure 3.11 corresponds to 
the pattern depicted in the 1-D autoradiographic profiles (Figure 3.1), with no detectable 
synthesis of proteins occurring at 40 °C for control cultures (Figure 3.1, lane 9 and Figure 
3.11H). As illustrated in Figure 3.11 the constitutively expressed proteins range from high to 
low molecular weights.
Two prominent high molecular weight proteins located at the acidic end which are expressed 
in most of the temperature regimes are proteins 1 and 2 (Mr approximately 77.3 kD, p / of 4.7 
and 68 kD, p7 of 4.1, respectively, Table 3.2.4). At the basic end the only protein expressed 
(Mr approximately 44.6 kD, p7 of 7.4, Table 3.2.4), which is present in most of the 
temperature regimes is protein 3 (depicted as B/D/E/G/I3 in Figure 3.11 B, D, E, G and I).
Two groups within the mid range which appear to be always present are expressed proteins 6 - 
10 and 1 3 - 1 5  (Mr range of approximately 31 - 33 kD and 26.9 - 28.7 kD respectively, with 
estimated pT’s of 4.8 - 5.5, refer to Table 3.2.4 for individual values). There are a group of 
low molecular weight proteins (group 16 - 20) also expressed throughout the various 
treatments at the acidic end (Mr of approximately 18.3 - 24.5 kD with estimated pT’s of 3.8 -
4.1, refer to Table 3.2.4). There is a linear train of low molecular proteins (group 23 - 29) 
which have similar Mr but different pT’s (Mr approximately 20 kD with estimated pT range 
between 4.3 - 6, refer to Table 3.2.4 for individual values). The complete group are expressed 
only in the control, Train C and sublethal regime, Train B cultures (Figure 3.11 G and D  
respectively) with some members of the group undetectable in the other temperature regimes. 
This is clearly illustrated in all the recovery extracts with protein 25 (depicted as C/F/I25 in 
Figure 3.11C, F and I) only expressed.
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As was mentioned earlier the numbers of proteins expressed due to a shift in temperature are 
relatively small in comparison to yeast extracts. There are two groups of proteins which 
appear only to be expressed in Bb24 cultures incubated at sublethal temperature of 28 °C 
(Train A) and subsequent exposure to 40 °C. Protein 31* (depicted as A/B31* in Figure 3.11 
A and B) is similar in molecular weight to (approximately 76.9 kD with estimated p / of 5.0) 
the hsp70 family. A cluster of 4 proteins (proteins 32 - 35*) fall within the same Mr range of 
the hsp60/GroEL family, having Mr of approximately within 60 - 65 kD, with estimated pFs 
of 4.6 - 5.1 (refer to Table 3.2.5 for individual values). Proteins, which have similar Mr to 
known sHSPs, are depicted in Table 3.2.5 as the following: 27.9 kD (hsp28); 25.8 kD (hsp26) 
and 17.7 kD (hspl8).
In summary it has been clearly demonstrated the fine resolution obtained for L-2226 yeast 
allowed analysis of heat-treated cultures to be studied. This organism has been shown to have 
a remarkable property of yielding excellent separation patterns over a wide range of 
electrophoresis conditions (Brousse et. al., 1985; Bataille et. al., 1987, 1988, 1991; Norbeck 
and Blomberg, 1997). The profiles for yeast also illustrates the power of 2-D SDS PAGE with 
respect to identifying specific changes in protein profiles resulting from exposure to heat 
stress. This was illustrated for a group of basic proteins which were present only during the 
sublethal temperature regime, 42 °C/ 1 hr (Figure 3.10 B) which upon exposure to a higher 
temperature regime the proteins disappeared. By contrast the resolution of proteins for Bb24 
extracts were not as clear, but it was still possible to show changes in protein synthesis with 
respect to shifts in temperature. Proteins relating in molecular weight to hsps could also be 
identified.
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3.15 I n  V i t r o  Translation Studies: The Analysis of Changes in mRNA Expression.
In most eukaryotes, cells respond to mild heat treatments by inducing heat-shock genes. 
Numerous studies have shown that within minutes of temperature elevation in for example, 
D ro so p h ila  cells, hsp genes vigorously transcribe mRNA’s for heat-shock proteins (Lindquist, 
1980; Scott and Pardue, 1981).
Data from the SDS-PAGE analysis indicate that that many putative hsps may well be induced 
in S erpu la  species. To further analyse this response, the translational analysis o f poly (A+) tail 
mRNA was initiated. The data shown in Figure 3.12 A and B illustrate the synthesis of a 
number of proteins from Bb24 and 12C mRNA extracts, using the rabbit reticulocyte lysate 
system. Full analysis of the molecular weights and Rf values are displayed in the Appendix J, 
J9 and 10.
It is seen that the mRNAs express 6 proteins, which are present in both extracts of Bb24 and 
12C, although they are poorly translated. The only difference occurring with an absence of 
bands in the extreme temperature and recovery profiles for 12C (lane 9 and 10, Figure 3.12
B), suggesting that mRNA synthesis was reduced or absent. This is consistent with the 
observation that control cultures are no longer viable after extreme heat treatment o f 40 °C for 
2 hr. The extreme heat profile for 12C controls (lane 9, Figure 3.12 B) apparently displays 2 
bands, running at approximately 70 and 50 kD. Expression occurs throughout the temperature 
regimes applied for Bb24 extracts. The proteins approximately run at 90, 69, 60, 50, 30 and
14.5 kD. A core set which are constitutively expressed in both species correlate to those seen 
in the intracellular profiles presented in Figure 3.6 A and B, namely 50, 30 and 14.5 kD. The 
proteins 90, 69 and 60 kD fall into the Mr range of three hsp families, hsp90, hsp60/GroEL 
and hsp70.
119
220 kD—
97.4 kD 
66 kD
— 90 kD 
_ 6 9  kD 
— 60 kD 
— 50 kD
— 30 kD
— 14.5 kD
8 9 10
MW ' Tr ' HS ' R 1 Tr 1 HS 1 R 1 Tr 1HS 1 R 
Train A Train B Train C
B
21.5
14.3
>90 kD 
>69 kD 
>60 kD 
'50 kD
kD
4.5 kD
1 2 3 4 5 6 7 8 9  10
MW Tr 1 HS 1 
Train A
R 1 Tr ' HS 1 R 1 Tr HS R 
Train B Train C
Figure 3.12 A and B. Autoradiograms of in vitro translation extracts of Bb24 and 12C 
respectively. Numbers on the right indicate mRNA products expressed during the various 
temperature regimes imposed. Positions of the molecular weight markers are shown on the 
right of each gel.
1 2 0
Blot A, Bb24 in vitro  translation extracts. Lanes 2 - 4  represent Train A cultures: lane 2 - 
Train A; lane 3 - extreme heat-treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B 
cultures: lane 5 - Train B; lane 6 - extreme heat-treatment; lane 7 - recovery. Lanes 8 - 1 0  
represent Train C control cultures: lane 8 - Train C; lane 9 - extreme heat-treatment; lane 10 - 
recovery.
Blot B, 12C in vitro  translation extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train 
A; lane 3 - extreme heat-treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: 
lane 5 - Train B; lane 6 - extreme heat-treatment; lane 7 - recovery. Lanes 8 - 1 0  represent 
Train C control cultures: lane 8 -Train C; lane 9 - extreme heat-treatment; lane 10 - recovery. 
Lane 1 on both gels - rainbow high molecular weight markers in the range of 14.3 - 220 kD 
(Amersham International pic.).
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3.2 Immunological Studies to Detect Specific Heat-Shock Proteins and Their 
Expression.
The m ain  aim s o f  the  w ork  w ere to  ascertain the follow ing.
( i )  T o  de tec t the  presence o f hsp60 and 7 0  hom ologues by  polyclonal an tiserum  and 
m onoclonal an tibodies, p resent in  w hole cell extracts o f  B b24, 12C, S. cerevisiae  (L -2226) 
and ch ick  em bryo fibroblasts (CEF).
(ii) T o  m ake com parisons o f antigens present in  L -2226 and C E F  w ith  those  detec ted  in  the  
tw o Serpula  species.
(iii) T o  dem onstrate the  effect o f  the various tem perature regim es on p ro te in  ubiqu itination  
using  an ti-ubiquitin  polyclonal antiserum . This allow ed the presence  o f  any  p ro te ins ear­
m arked  fo r degradation, by  the w ell-characterised ubiquitin-m ediated  pro teo ly tic  pathw ay, 
to b e  detected.
(iv) T o  detect the  presence o f cross reactive products re lating to  hsp60  and 7 0  hom ologues in 
rabb it re ticu locyte driven in vitro  translation products derived from  Serpula  species m R N A  
(Section 3.1.5).
T he detection  o f  specific  hsps and ubiquitinated proteins by im m unological m ethods w as 
achieved by  the u se  o f  polyclonal and m onoclonal antibodies. T he polyclonal an tibod ies fo r 
hsp60 and 70  and contro l proteins w ere k indly donated by  D r. A . M eh lert at the  U niversity  o f 
D undee. T he an tisera w ere ra ised  against E. co li G roE L  pro tein  (hom ologue o f  h sp60 ), and 
m ycobacterium  stra in  Y3111 hsp70 protein respectively. T he m onoclonal an tibodies to  hsp60  
and hsp70  and anti-ubiquitin  polyclonal antiserum  w ere purchased  from  S tressG en 
B iotechnologies Incorp. R efer to  A ppendix A , A1 fo r specificity  o f  antibodies.
1 2 2
3.2.1 Preliminary Control Experiments to Identify any Non-Specific Binding.
In itial experim ents w ere set ou t to  check fo r the  occurrence o f  any non-specific  b ind ing  o f  the 
antibodies using  control W estern  b lo ts o f  B b24, 12C, yeast and C E F  in tracellu lar extracts 
incubated  w ith  N R S (Figure 3.13 A  - D). N on-specific  b ind ing  o f  a  low  m o lecu lar w eight 
antigen w ith  a  m olecu lar w eight o f  approxim ately 14.3 kD  w as detected  in the  con tro l b lo ts 
fo r B b24  and 12C. N o  corresponding signal appeared in  the extracts o f  L -2226 and C EF.
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F ig u re  3.13 A - D. Control Blots of intracellular extracts of Bb24 (A), 12C (B), L-2226 and 
CEF (C and D) incubated with 1:500 dilution of NRS. Blots A - C incubated with secondary 
antibodies 1:1000 dilution HRP anti-rabbit IgG, Blot D with 1:1000 dilution HRP anti-mouse 
IgG. Samples were equalised for protein content of 6 pg and blots were visualised by DAB 
staining.
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Blots A and B. L ane 1 - (M W ) on bo th  b lots - ra inbow  high m olecu lar w eigh t m arkers in  the  
range o f  14.3 - 220  kD  (A m ersham  International pic.). (A ), lanes 2 - 1 0  rep resen t B b24  
in tracellu lar ex tracts w hich have undergone various tem perature regim es: lane 2 - 4 ,  T rain  A 
cultures: lane 2 (Tr) -Train A ; lane 3 (H S) - exposed  to  extrem e heat treatm ent; lane  4  (R) - 
recovery. L anes 5 - 7  represent T rain  B  cultures: lane  5 (Tr) - T rain  B; lane 6 (H S) - ex trem e 
heat treatm ent; lane 7 (R) - recovery. Lanes 8 - 1 0  represent T rain  C control cu ltures: lane 8 
(Tr) -T rain  C; lane 9 (H S) - extrem e heat treatm ent; lane 10 (R) - recovery . (B ), 12C 
in tracellu lar extracts: Lanes 2 - 4  represent T rain  A  cultures: lane 2  T rain  A ; lane 3 - ex trem e 
heat treatm ent; lane 4  - recovery. L anes 5 - 7  represent T rain  B cultures: lane 5 -T rain  B ; lane 
6 - extrem e heat treatm ent; lane 7 - recovery. L anes 8 - 1 0  represen t T rain  C contro l cultures: 
lane 8 -T rain  C; lane 9 - extrem e heat treatm ent; lane 10 - recovery.
B lo ts  C and D. L ane 1 - (M W ) on bo th  gels - ra inbow  m olecu lar w eight m arkers in  the  range 
o f  (C) 14.3 - 220 kD  and (D) 2.35 - 46  kD  (A m ersham  International p ic.). L anes 2 - 5  
represent L -2226 extracts w hich have undergone various tem perature regim es: lane 2  - O pt, 
cultures grow n at op tim um  conditions; lane 3 - T r, sublethal tem perature regim e; lane  4 - HS, 
extrem e heat treatm ent; lane 5 - R, recovery. L anes 6 - 8  represent CEF extracts w h ich  have 
undergone a  heat-shock  event: lane 6 - Opt, op tim um  conditions o f  37 °C /  1 hr; lane  7  - HS, 
heat-shock  treatm ent o f  42  °C /  1 hr; lane 8 - R , recovery  o f  37 °C /  1 hr. L ane 10 - T r  C, 
represents co-separation o f  B b24 and 12C T rain  C contro l in tracellu lar extracts.
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Figure 3.13 also c learly  dem onstrates that the  non-specific  b ind ing  at approx im ate ly  14.3 kD  
detected, could  rep resen t a  pro tein  o r proteins w ith  the sam e surface ep itope in  b o th  species as 
the co-separation  o f  B b24 and 12C Train C  extracts in  F igure 3.13 C  and  D  resu lts  in  one 
antigenic band  detected . T he phenom enon o f  th is non-specific b ind ing  w as investigated  
further to  determ ine w hether it w as specific to  Serpula  species, o r w hether it  occu rred  in  o ther 
basidiom ycetes. C ultures o f  Coniophora puteana, grow n in the  sam e optim al cond itions as 
B b24, w ere exposed  to  the  sam e Train C  treatm ent regim es. The resu ltan t in tracellu lar 
extracts w ere analysed alongside those o f  B b24  and 12C to  establish  i f  any non-specific  
b inding  occurs. F igure  3.14 represents the control b lo t and it c learly  dem onstrates th a t there  is 
no apparent b ind ing  w ith  extracts o f  C. puteana.
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F ig u re  3.14. Comparison of basidiomycetes, S. himantioides, S. lacrymans and C. puteana for 
the detection of the presence of cross reactive 14.3 kD band. Control blot was primarily 
incubated with 1:500 dilution of NRS, followed by 1:1000 dilution with HRP anti-rabbit IgG. 
Samples were equalised for protein content of 6 |Ug and blots were visualised by DAB 
staining. Lane 1 - rainbow high molecular weight markers in the range of 14.3 - 220 kD 
(Amersham International pic.). Lanes 2 - 4  represent Bb24 intracellular extracts, Train C 
control cultures: lane 2 -Train C; lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 - 
7 represent 12C intracellular extracts, Train C control cultures: lane 5 -Train C; lane 6 - 
extreme heat treatment; lane 7 - recovery. Lanes-8 - 10, represent C. puteana intracellular 
extracts, Train C control cultures lane 8 -Train C; lane -extreme heat treatment 9; lane 10 - 
recovery.
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3.2.2 Detection of Hsp60 and 70 Homologues in Intracellular Extracts of Bb24 and 12C 
Using Polyclonal Antiserum.
T he appearance o f  tw o im portan t m olecular chaperones invo lved  in  the  heat-shock  response, 
nam ely  hsp60 and  70  w as investigated  in vivo  in  B b24 and  12C using  polyclonal antiserum . 
F igure  3.15 A  and  B illustra te  the  results obtained fo r the tw o species, w ith  a  d istinct 
d ifference seen betw een B b24  and 12C. A  positive signal fo r an hsp60 hom ologue is detected  
by  anti-G roE L  polyclonal an tiserum  only in  B b24 in tracellu lar ex tracts (F igure 3.15 A , lanes
2 ,4 ,  5, 6, 8 and 9). T he bands present are sm aller in size to  that o f  the contro l G roE L  pro tein  
(lane 1). W hen the resu ltan t autoradiogram  for th is particu lar b lo t w as com pared  to  the  w hole  
ex tract profile  by  superim posing the  two profiles, alignm ent o f  a  60.6 kD  cell ex tract p ro tein  
to  the  b lo t signal w as seen, F igure 3.16 A  - D , illustrates the  alignm ent o f  the  profiles.
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F ig u re  3.15 A a n d  B. ECL Western blot analysis for the detection of hsp 60 in Bb24 (A) and 
12C (B) intracellular extracts of cultures which have undergone various temperature regimes 
using 1:500 dilution of anti-GroEL serum. Samples were equalised for total protein content of 
6^g.
B lo t A, Bb24 intracellular extracts. Lanes 2 - 4  represent Train A cultures: lane 2 - Train A; 
lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 -7  represent Train B cultures: lane 
5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 10  represent Train C 
control cultures: lane 8 - Train C; lane 9 - extreme heat treatment; lane 10 - recovery.
B lo t B, 12C intracellular extracts. Lanes 2 - 4 represent Train A cultures: lane 2 -Train A; lane 
3 - extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: lane 5 - 
Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent Train C 
control cultures: lane 8 -Train C; lane 9 - extreme heat treatment; lane 10 - recovery. Lane 1 
on both blots - 2.5 pg of GroEL control protein.
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Figure 3 .16 C is a  com posite  using  the E C L  b lo t p ro file  (A ) from  F igure  3 .15  A  and  its 
resu ltan t autoradiogram  (B). D em onstrating the position  o f  the  hsp60 hom ologue antigenic 
signal to  a  band  running  approxim ately at 60.6 kD  seen in  the  superim posed  au toradiogram  
(B). T he  m olecular w eight o f  60.6 kD  w as deduced from  repeating  in parallel a  second gel 
w ith m arkers (D ), therefore establishing the m olecular w eight o f  the  antigenic signal seen  in 
the E C L  b lo t (A).
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F ig u re  3.16 A - D. ECL Western blot analysis for the detection of hsp 60 in Bb24 
intracellular extracts (A), with the autoradiographic profile of the blot (B). ECL blot aligned 
against the resultant autoradiographic profile (C) to illustrate the position of hsp60 signal 
which coincides with a polypeptide of 60.6 kD weight approximately. The 60.6 kD protein 
was determined from autoradiogram D which represents a repeat run of the samples used in 
the blot with molecular weight markers present in lane A. Refer to Figure 3.14 B for 
description of lanes in all the profiles.
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Detection of an hsp70 homologue in intracellular extracts of Bb24 and 12C was also 
investigated by anti-mycobacterium hsp70 polyclonal antiserum (Figure 3.17 A and B). There 
is no apparent detection of hsp70 homologue in 12C extracts (Blot B), but a relatively strong 
signal running at the same level as the mycobacterium hsp70 control protein occurs for 
extreme heat treated and recovery Bb24 control intracellular extracts does occur (Blot A, lanes 
9 and 10).
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F ig u re  3.17 A and B. ECL Western blot analysis for the detection of hsp 70 in Bb24 and 12C 
intracellular extracts of cultures which have undergone various temperature regimes using 
1:500 dilution of anti-mycobacterium Hsp 70 polyclonal antibody. Samples were equalised for 
total protein content of 6 jig.
Blot A, Bb24 intracellular extracts. Lanes 2 - 4  represent Train A cultures: lane 2 - Train A; 
lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 -7  represent Train B cultures: lane 
5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 10  represent Train C 
control cultures: lane 8 - Train C; lane 9 - extreme heat treatment; lane 10 - recovery. Blot B, 
12C intracellular extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train A; lane 3 - 
extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: lane 5 - 
Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent Train C 
control cultures: lane 8 - Train C; lane 9 - extreme heat treatment; lane 10 - recovery. Lane 1 
on both blots - 2.5 pg of mycobacterium hsp70 control protein.
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3.2.3 Detection of Hsp60 and 70 Homologues in Cellular Extracts of B b24,12C , S. cerevisiae
a n d  C h ick  E m b ry o  F ib ro b la s ts  U sing M o noclona l A n tibod ies .
Monoclonal antibodies failed to detect hsp60 in Bb24 and 12C cell extracts. Figure 3.18 A
and B illustrate that there is no apparent antigen recognition by the monoclonal antibody in
either of the two species of Serpula.
Train A Train B Train C Train A Train B Train C
F ig u re  3.18 A and B. ECL Western blot analysis for the detection of hsp60 using 1:500 
dilution of anti-60 kD Hsp monoclonal antibody in Bb24 and 12C intracellular extracts of 
cultures, which have undergone various temperature regimes. Samples were equalised for 
total protein content of 6 pg.
B lot A, Bb24 intracellular extracts. Lanes 2 - 4  represent Train A cultures: lane 2 - Train A; 
lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 -7  represent Train B cultures: lane 
5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 10  represent Train C 
control cultures: lane 8 - Train C; lane 9 - extreme heat treatment; lane 10 - recovery. B lo t B, 
12C intracellular extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train A; lane 3 - 
extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: lane 5 - 
Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent Train C 
control cultures: lane 8 - Train C; lane 9 - extreme heat treatment; lane 10 - recovery. Lane 1 
on both blots - 2.5 pg of GroEL control protein.
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A similar profile was obtained for hsp70 using the anti-Hsp70 monoclonal antibody. The 
absence of an appropriate antigenic signal for either of the Serpula species may be observed in 
Figure 3.19 A and B.
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Figures 3.19 A and B. ECL Western blot analysis for the detection of hsp 70 in Bb24 and 12C 
intracellular extracts of cultures which have undergone various temperature regimes using 
1:500 dilution of anti-Hsc70/Hsp70 monoclonal antibody. Samples were equalised for total 
protein content of 6 \ig.
Blot A, Bb24 intracellular extracts. Lanes 2 - 4  represent Train A cultures: lane 2 - Train A; 
lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 -7  represent Train B cultures: lane 
5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent Train C 
control cultures: lane 8 - Train C (optimum growth conditions); lane 9 - extreme heat 
treatment; lane 10 - recovery.
B lot B, 12C intracellular extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train A; lane 
3 - extreme heat treatment; lane 4 - recovery. Lanes 5 - 7 represent Train B cultures: lane 5 - 
Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent Train C 
control cultures: lane 8 - Train C (optimum growth conditions); lane 9 - extreme heat 
treatment; lane 10 - recovery.
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There are a number of possibilities as to why there was no detection of the respective hsps by 
monoclonal antibodies (MAb’s). First, because of the high specificity of the MAb’s which 
only bind to a specific antigenic determinant or epitope, detection might not occur. If such 
epitopes do not exist on the hsp60 and 70 homologues of the two S e r p u l a  species, then there 
will be no reaction of the MAb’s with the cellular extracts. Second, the hsp in question may 
not be expressed in S e r p u l a  species, although this explanation is unlikely for Bb24 as cross- 
reactive material was detected by anti-hsp60/GroEL and anti-hsp70 polyclonal antiserum 
(Figures 3.16 and 3.17, Blot B). By contrast, no cross-reactive products were detected in 12C 
counterparts by the same antiserum so perhaps 12C do not produce either hsp60 or 70. Finally, 
post-translational processing of cross-reacting antigens might remove relevant epitopes.
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A further experiment was initiated to determine whether the monoclonal antibodies used 
could detect either hsp60 or 70 in two other, distinctly different eukaryotic systems, namely S. 
cerevisiae (L-2226) and CEF. Figure 3.20 A and B illustrate the detection of homologues of 
hsp70 and 60 in intracellular extracts of yeast and CEF.
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F ig u res  3.20 A and B. Western blot analysis of hsp70 and 60 using monoclonal antibodies 
(1:500 dilution of anti-Hsc70/Hsp70 and anti-60 kD Hsp monoclonal antibodies, respectively) 
in yeast (F-2226 wine strain) and CEF intracellular extracts. Samples were equalised for 
protein content of 6 pg and blots were visualised by DAB staining.
B lots A and B. Fane 1 on both blots - 2.5 pg of mycobacterium strain Y3111 hsp70 (A) and 
hsp60/GroEF (B) control proteins were loaded. Fanes 3 - 6  represent F-2226 extracts: lane 3 - 
optimum conditions; lane 4 - sublethal temperature; lane 5 - extreme heat treatment; lane 6 - 
recovery. Fanes 7 - 9  represent CEF extracts: lane 7 - optimum conditions; lane 8 - heat-shock 
treatment; lane 9 - recovery. Fane 10 - co-separation of Bb24 and 12C Train C intracellular 
extracts. Fane 2 (MW) on both blots - rainbow high molecular weight markers, 14.3 - 220 kD 
(Amersham International pic.).
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Antigenic signals corresponding in size to the control mycobacterium hsp70 and hsp60/GroEL 
proteins, were detected the MAb’s in both eukaryotic systems. Similar results were also 
obtained for detection by the polyclonal antiserum (data not shown). Lane 10 in both blots 
represent a co-separation of both Bb24 and 12C controls (Train C) extracts, again illustrating 
no apparent signal for either of the hsps present by monoclonal antibody detection.
Although the various hsps are universally conserved throughout the eukaryotic and 
prokaryotic systems there are slight differences of size in the respective hsp homologues. This 
can be demonstrated clearly for hsp60/GroEL blot, as the signal for L-2226 runs slightly 
higher than that of CEF, which runs approximately the same level as the control GroEL 
protein in lane 1 (Figure 3.20 B).
3.2.4 Detection of Hsp60 and 70 Homologues in Bb24 and 12C I n  V i t r o  Translation Extracts 
Using Monoclonal Antibodies.
To determine if the lack of an antigenic signal using MAb’s against Bb24 and 12C extracts 
was due to post-translational processing, the MAb’s were tested with the i n  v i t r o  translation 
products. Figure 3.21 A and B illustrate the results for Bb24 and 12C extracts respectively. 
The western blots show a signal corresponding to that of the control GroEL protein in lane 1. 
However, there is no apparent signal in either of the Train C recovery extracts for Bb24 or 
12C (lane 10, both A and B blots). The differing sizes of the antigenic signals detected for 
Bb24 extracts found i n  v i v o  (Figure 3.18 A) and i n  v i t r o  (Figure 3.21 A) is consistent with 
post-translational processing. That only the M A b  detects the in vitro product is consistent with 
a specific epitope being removed during processing.
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Train A Train B Train C Train A Train B Train C
F ig u res  3.21 A and B. ECL Western blot analysis for the detection of hsp 60 in Bb24 and 12C 
in vitro  translation extracts cultures which have undergone various temperature regimes using 
1:500 dilution of anti-60 kD Hsp monoclonal antibody.
B lot A, Bb24 in vitro  translation extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train 
A; lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: 
lane 5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent 
Train C control cultures: lane 8 -Train C; lane 9 - extreme heat treatment; lane 10 - recovery.
B lot B, 12C in vitro  translation extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train 
A; lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: 
lane 5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent 
Train C control cultures: lane 8 -Train C; lane 9 - extreme heat treatment; lane 10 - recovery. 
Lane 1 on both blots - 2.5 pg of GroEL control protein was loaded.
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Similar experiments were undertaken with anti-Hsc70/Hsp70 monoclonal antibody to 
determine if hsp70 could be detected in in vitro  translation systems. Figure 3.22 A and B, 
illustrates the results obtained. A band was detected which runs approximately at the same 
molecular weight as the control mycobacterium hsp70 protein in lane 1 of both blots. The 
antigenic signal in Bb24 is stronger and present in all the extracts probed, while there is no 
identifiable signal present in 12C control recovery extract (lane 10, Figure 3.22 B).
F ig u res  3.22 A and B. ECL Western blot analysis for the detection of hsp70 in Bb24 and 12C 
in vitro  translation extracts cultures which have undergone various temperature regimes using 
1:500 dilution of anti-Hsc70/Hsp70 monoclonal antibody.
B lo t A, Bb24 in vitro translation extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train 
A; lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: 
lane 5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent 
Train C control cultures: lane 8 -Train C; lane 9 - extreme heat treatment; lane 10 - recovery. 
B lo t B, 12C in vitro  translation extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train 
A; lane 3 - extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: 
lane 5 - Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent 
Train C control cultures: lane 8 -Train C; lane 9 - extreme heat treatment; lane 10 - recovery. 
Lane 1 on both gels - 2.5 pg of mycobacterium strain Y3 111 Hsp 70-control protein was 
loaded.
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3.2.5 D etec tion  of P ro te in s  L abe lled  fo r  D eg rad a tio n : P ro te in  U b iq u itin a tio n .
A further aspect of the heat-shock response is the ubiquitin system, a multicomponent, ATP- 
dependent pathway, whereby ubiquitin conjugates to abnormal proteins or proteins with a high 
turnover rate, ultimately leading to their degradation. Due to the highly conserved nature of 
ubiquitin, an anti-ubiquitin polyclonal antibody could be used to investigate any changes in 
the patterns of protein ubiquitination in heat-treated and control Bb24 and 12C cultures 
(Figure 3.23 A and B).
A B
—Ub-b1 
—Ub-b2 
— Ub-b3 
— Ub-b4 
— Ub-b5
,Ub-c1
_/Ub-c2
—/Ub-c3 
— Ub-c4 
MJb-c5
5.5 kD—  m m
1 2 3 4 5 6 7 8 9  10
Ub T r HS R T r HS R T r HS R 
Train A Train B Train C
1 2 3 4 5 6 7  8 9  10
Ub  ^T r ^HS  ^ R T r ' HS  ^ R  ^T r ^HS  ^ R 
Train A Train B T ra in  C
F ig u re  3.23 A and B. ECL Western blot analysis for the detection of ubiquitin conjugated 
proteins in Bb24 and 12C intracellular extracts of cultures which have undergone various 
temperature regimes using 1:500 dilution of anti-Ubiquitin polyclonal serum. Samples were 
equalised for total protein content of 6 pg. Figures Ub-bl to b5 and Ub-cl to c5 to the left of 
the blots highlight ubiquitinated conjugates of Bb24 and 12C respectively.
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Blot A, Bb24 extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train A; lane 3 - 
extreme heat treatment; lane 4 - recovery. Lanes 5 - 7  represent Train B cultures: lane 5 - 
Train B; lane 6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent Train C 
control cultures: lane 8 -Train C; lane 9 - extreme heat treatment; lane 10 - recovery.
Blot B, 12C extracts. Lanes 2 - 4  represent Train A cultures: lane 2 -Train A; lane 3 - extreme 
heat treatment; lane 4 - recovery. Lanes 5 -7  represent Train B cultures: lane 5 - Train B; lane 
6 - extreme heat treatment; lane 7 - recovery. Lanes 8 - 1 0  represent Train C control cultures: 
lane 8 -Train C; lane 9 - extreme heat treatment; lane 10 - recovery. Lane 1 on both gels (Ub) - 
5 fig of bovine ubiquitin control protein (Sigma, cat. U6253).
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Proteins h igh ligh ted  by  the ir conjugation to  ubiquitin  are de tec ted  fo r bo th  B b24  and 12C 
extracts (F igure 3.23 A  and B , respectively). The d istribu tion  and  in tensity  o f  the  bands 
illustra te  d ifferences betw een both  species. F o r B b24 ub iqu itina ted  p ro teins detected , are  in  
m id  to  low  m olecular w eight range com pared  to  12C w here they  are  d istribu ted  in  the  h igh  to  
m id  range. T he proteins detected  in  B b24 are also restric ted  p rim arily  to  T rain  B ex tracts (lane 
5  - 7), com pared  to  12C, w hich are present in  m ost o f  the  ex tracts w ith  the  excep tion  o f Train 
C , recovery  extract (lane 10). T he intensity  o f  the  bands h igh ligh ted  overall are  fe in t fo r bo th  
species, w ith  the exception o f tw o bands (depicted as U b -c la n d  U b-c2) d isp layed  in  the  12C 
b lo t (F igure 3.23 B). T hese bands represent rela tively  h igh  m o lecu lar w eigh ts, ranging 
betw een 60  - 90 kD . T he band U b -c l show s in teresting  quantita tive  varia tion  in  tha t it is 
greatly reduced  in the recovery phase o f both 12C T rain  B and  C  sam ples (lanes 7 and 10 
respectively).
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3.2.6 Summary and Concluding Remarks.
The non-specific  b inding  o f  the  band  runn ing  approxim ately  a t 14.3 kD  in  in tracellu lar 
extracts o f  B b24 and 12C occurred regardless o f  the  type o f  secondary  detec tion  system  used. 
V igrow  (1992) also detected  th is sam e phenom enon in  im m uno-do t b lo t control assays, and in  
resu ltan t W estern  b lots for a  range o f S .  l a c r y m a n s  and S .  h i m a n t i o i d e s  iso lates. It w as 
in teresting  to note that this non-specific  reactiv ity  d id  no t occur in  the  i n  v i t r o  translation 
extracts as well as in  S .  c e r e v i s i a e ,  L -2226 and C E F  system s (F igure  3.13 C  and  D ). It w as 
also clearly  dem onstrated  through co-separation o f  B b24 and 12C ex tracts  (F igure 3 .20  A  and 
B) that the  non-specific b ind ing  detected cou ld  represent a  p ro te in  o r pro teins w ith  the sam e 
surface epitope in  both species.
T he question o f  w hether th is w as a  un ique  feature to  S e r p u l a  species w as investigated  by 
analysing in tracellu lar extracts o f another basidiom ycete C o n i o p h o r a  p u t e a n a .  It w as 
illustra ted  that this cross reactiv ity  d id  not occur in  C. p u t e a n a , suggesting  th a t th is m igh t be 
the case. This can only b e  fu lly  verified  by  system atic tests o v e r a  w ide  varie ty  o f  
basidiom ycetes, investigating the  presence o f  th is low er m olecu lar w eig h t band.
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T he im m unological detection o f  im portan t hsps in bo th  Serpula  species, as w ell as tw o  o ther 
diverse eukaryotic system s, yeast and C E F are sum m arised in  the  fo llow ing  table.
Hsp
Antibodies
Intracellular In Vitro
12C Bb24 Yeast CEF 12C Bb24
Anti-GroEL 
Anti-myco 70 
Anti-ubiquitin 
MAb 60 
MAb 70
- (+) + + 
- + + +
+ +
+ +
- - + +
+ + 
+ +
T a b le  3 .2 .6 . Im m unological D etection  o f Possib le  hsps in in tracellu lar extracts o f  B b24 , 12C, 
yeast (L-2226), C E F and in vitro  translation extracts o f  B b24 and 12C. *+’ and *-* represents 
positive  and negative signals respectively. (+) fo r in tracellu lar B b24 ex tract represen ts  signal 
detected  w hich is low er in m olecu lar w eight to  that o f  the control h sp60 /G roE L  p ro te in . ‘+* in 
bo ld  refers to  data  no t shown.
F rom  the above sum m ary illustrated  in  Table 3.2.6, a num ber o f  po in ts can be m ade.
(i) B oth  M A b ’s and the polyclonal antiserum  detected signals fo r h sp60  and 7 0  in  the  L -2226 
and C E F  extracts. Indicating tha t the  test system s w ere operating efficiently .
(ii) A n hsp60  hom ologue w as detected  using  the respective polyclonal an tiserum  in  B b24, 
w hich had  a low er m olecu lar w eight than that o f  the  control. N o co rresponding  an tigen  w as 
detected  fo r 12C. A gain, hsp70 w as only detected  in  B b24 extracts. T hese  observations are 
consisten t w ith  those from  Section 3 .1 .3 , it w as concluded th a t a  p ro te in  re la ted  in  
m olecu lar w eight to  hsp70 w as present in  in tracellu lar extracts o f  B b24 , b u t there  w as no  
iden tifiab le  counterpart in  12C extracts.
(iii) A lthough no  signals w ere identifiab le fo r bo th  the hsp60  and  7 0  u sing  m onoclonal 
antibodies on in tracellu lar extracts o f  B b24  and 12C, a  signal w as iden tified  in  th e ir in 
vitro  translation counterparts. T he loss o f  detection o f hsp60 and 7 0  by  M A b ’s in  the  cell 
extracts o f  bo th  Serpula  species im plies that bo th  (a) undergo som e m easu re  o f  p ost­
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translational m odification  in w hich  the epitope recognised by  the  M A b’s is rem oved  o r (b) 
the pro teins are rap id ly  degraded  in  the in vivo  system s.
(iv) U biquitination  o f  p ro teins w as detected in  both in tracellu lar ex tracts o f  B b24  and  12C 
(Figure 3.23 A  and B). T he m olecu lar w eight ranges o f  the  p redom inan t ub iqu itin - 
conjugated  proteins w ere d ifferen t in  the  tw o species. Tw o signals o f  h igh  m o lecu lar w eigh t 
w ere detected  in 12C, w hich w as no t apparently present in  the  B b24  extracts. T he  position  
o f  these bands v isually  corresponds betw een the 60 - 90  kD  range.
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3.3 Molecular Studies to Identify a Putative Hsp70 Gene.
R everse  transcrip tion (RT) fo llow ed  by  polym erase chain  reaction  (P C R ) am plification  is a 
w idely  used , h ighly  sensitive m ethod fo r analysis o f the  expression  o f low  abundance 
m essenger R N A ’s (K aw aski et. al., 1998). The overall aim  o f  the  w ork  w as to  detect hsp70 
m R N A  from  the tw o  Serpula  species by R T -PC R  w ith specific  iden tifica tion  o f  the  P C R  
generated  products by  c loning  and sequencing. T he fo llow ing  p o in ts  ou tline  the  steps 
involved  in  achieving the  above aim s.
(i) T o  design a set o f  short sequence-specific prim ers from  a c losely  re la ted  basid iom ycete  to 
the  Serpula  species, nam ely  A. bisporus  hspA  (hsp70) gene sequence (A ccession no. 
X 98508).
( i i )  T o  use  the sequence specific  prim ers to  generate P C R  p roducts from  genom ic D N A  
iso la ted  from  A. bisporus  (used as a  positive control), B b24 and 12C.
(iii) T o  use  the sam e prim ers to  generate cD N A  products generated  by R T -P C R  from  cellu lar 
R N A  isolated from  A. bisporus  (used as a  positive  control), B b24  and  12C.
(iv) T o  clone and sequence the  am plim ers produced by  PC R  and R T -P C R .
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3.3.1 P r im e r  D esign .
T he design o f the  prim ers w as achieved by  the  use  o f  the  W isconsin  G enetics C om puter 
G roup Sequence R etrieval System  (SRS), as described  in  C hap ter 2, Section  2 .9 .2 . T he 
h ighest percen t sim ilarity  o f  know n base-pair m atches betw een a  num ber o f  d ifferen t fungi 
w as in itiated . T able 3.2.7 illustrates the gap com parison  o f  percentage sim ilarity  o f  A .  
b i s p o r u s  to  P u c c i n i a  g r a m i n i s  and S .  c e r e v i s i a e .
Fungus and 
sequence length
Percentage similarity of bp 
regions of A. bisporus compared 
to different 
classes of fungi
1-246 bp 303-536 bp
P. graminis 
1-3548 bp 68.293 65.385
S. points 
1-2367 bp 51.220 52.814
S. cerevisiae 
1-1981 bp 44.715 44.017
T a b le  3 .2 .7 . G ap com parison o f  the percentage sim ilarity  o f  base  pairs, o f  A .  b i s p o r u s  to 
P u c c i n i a  g r a m i n i s  and S .  c e r e v i s i a e .
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It is c lear that re la ted  fungi such  as A .  b i s p o r u s  and P .  g r a m i n i s  w hich are c lassified  in  the  
sam e sub-division o r group, B asidiom ycotina, bu t from  d ifferen t c lasses, B asidiom ycetes and  
Teliom ycetes respectively, have  the  h ighest bp  sim ilarity . C ross referencing  the sequences o f  
A .  b i s p o r u s  to  S .  c e r e v i s i a e  and S .  p o m b e  both  from  the  A scom ycotina fam ily, resu lted  in  a  
decrease in percentage bp  sim ilarity  o f  the  sequences investigated  A .  b i s p o r u s  is the  m ost 
closely  related  to  the  S e r p u l a  species as they  are both  basidiom ycetes. Synthetic  
oligonucleotides w ere designed  to  am plify the  D N A  and m R N A  sequences related  to  the  heat- 
shock pro tein  70  kD  iso lated  from  the partially sequenced hspA  gene o f  A .  b i s p o r u s  (Schaap  
et. al. 1996). The A .  b i s p o r u s  sequence contained an in tron  o f  approxim ately  50 bp , the  
designed prim ers spanned the reg ion  before and after this in tron allow ing easy identification  o f  
the genom ic D N A  and m R N A  products (R efer to  C hapter 2, Section 2.8.2).
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3.3.2 Optimisation of R T - P C R  Reaction.
Preliminary experiments were set out to determine the optimum conditions required for 
efficient one tube, two enzyme PCR reaction. Figure 3.24 summarises the outcome of these 
preliminary experiments.
1500 bp--
1000bp-- <v
500 bp--400300 £p-bp-- 0$ ipp200 bp-- m
100bp-- m
DNase 
- +
1 2 3 4 5 6
I----1----1---- 1---- 1--- 1M W  Ci Cw Nt 1/200 
dil
genomic 
j  product
>cDNA
product
Figure 3.24. RT-PCR of A. bisporus mushroom RNA. A neat (lane 4) and a 1/200 dilution 
(lanes 5 and 6) of mushroom cDNA (before and after DNase treatment, respectively) were 
amplified by PCR. The genomic and cDNA products denote the positions of the 407 bp and 
352 bp fragments respectively. Positive control RNA (lane 2, Ci-internal control) gave a 
specific amplimer of 323 bp with control oligonucleotide primers provided with the Promega 
Access RT-PCR system. A negative control (lane 3, Cw-water control) with nuclease-free 
water substituted for mushroom RNA to ensure there was no contamination of reaction 
mixture. Lane 1, MW - molecular weight markers, Promega’s 100 bp DNA Ladder. Refer to 
Chapter 2, Section 2.8.2 for approach used to ascertain molecular weights of genomic and 
cDNA amplimers.
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F our im portan t steps w ere included: - (i), an internal positive  control reaction  (supplied  w ith  
P rom ega’s A ccess R T -P C R  k it) w as run to  ensure that the  supplied  system  w as runn ing  
optim ally , p roducing  an am plim er o f  323 bp  w as incorporated  (lane 2). (ii), a negative  contro l, 
w hereby  w ater is substitu ted  fo r the  R N A  sam ple in the  reaction , to  check  fo r  any 
contam ination  in  the  reaction  m ixture, (iii), optim isation o f  sam ple concentration  b y  the 
addition o f  neat and 1:200 d ilu tion , illustrating tha t h igh  concentrations o f  R N A  can 
effectively  inh ib it the  reaction  resu lting  in  sm earing (lane 4). (iv), the  e lim ination  o f  trace 
am ounts o f  D N A  presen t in  the  to tal RN A  extracts w as achieved by d igestion  o f  the  total 
R N A  sam ples w ith  P rom ega’s RQ 1 R N ase-Free D N ase (lane 5 - no  D N ase , lane 6 - w ith 
D N ase), (v), the in tegrity  o f  the  R N A  was protected  from  possib le  degradation by  the  addition 
o f R N asin  R ibonuclease Inh ib ito r (Prom ega) to  the reaction m ixture.
3.3.3 Generation of Genomic and cDNA Products by RT-PCR and PCR Analysis.
U sing  the gene specific prim ers, 407  bp  D N A  and 352 bp  cD N A  fragm ents w ere am plified  by 
P C R  and R T -P C R  respectively  fro m  both species o f  Serpula  and A. B isporus  as the  contro l. 
F igures 3.25 and 3.26 illustra te  the  R T -PC R  products fo r 12C and B b24  respectively . A  c lear 
signal can easily  b e  detected  in  all th e  12C T rain  A  extracts (lanes 4  - 6), and th e  ex trem e heat 
trea ted  extracts o f  T rain  B and  C  (lane 8 and 11) w hich run  at the  sam e level to  th a t o f  the  
m ushroom  control in  lane 2, a t 352  bp  (F igure 3.25). F e in t signals are  also de tec ted  in  the 
rem ain ing  12C extracts (lanes, 7 , 9 10 and 12).
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F igure  3.25. Comparison o f A. bisporus and S. lacrym ans (12C) products amplified by RT- 
PCR. Total RNA prepared from the A garicus  mushroom and 12C were employed for cDNA 
synthesis using 50 pmol each of Nat 1 and Nat 2 primers. Lane 1 - MW, 100 bp molecular 
weight ladder (Promega). Lane 2 - M, A. bisporus mushroom, positive control, Lane 3 - Ctrl, 
negatives control. Lanes 4 - 1 2  represent 12C samples, which have been, subjected to the 
different training/sublethal (Tr), extreme heat (HS) and recovery (R) regimes. Lane 4 - 6  
represent Train A cultures (28 °C/ 24 hrs): 28 °C/ 24 hrs (lane 4); exposed to extreme heat of 
40 °C/ 2 hrs (lane 5); placed into recovery at 22 °C/ 24 hrs (lane 6). Lanes 7 - 9  represent Train 
B cultures (25 (IC/ 48 hrs): 25 °C/ 48 hrs (lane 7); exposed to extreme heat o f 40 °C/ 2 hrs 
(lane 8); placed into recovery 22 °C/ 24 hrs (lane 9). Lanes 1 0 - 1 2  represent Train C control 
cultures (22 °C/ 24 hrs): 22 ()C/ 24 hrs (lane 10); exposed to extreme heat of 40 °C/ 2 hrs (lane 
11); placed into recovery 22 °C/ 24 hrs (lane 12). Refer to Chapter 2, Section 2.1.1.2, Figure 
2 A for schematic of temperature regimes used in the study.
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A different picture for the analysis of Bb24 RNA extracts is seen in Figure 3.26. Strong signals
also o f similar bp size to the mushroom control (lane 2) are detected in the extreme heat
treated Train A and recovery Train B extracts (lanes 4 and 8 respectively). Less prominent
signals are produced in the remaining lanes with the exception o f Train B, extreme heat-treated
extracts (lane 7), Train C control and recovery extracts (lanes 9 and 11) with no apparent
signal detected.
F ig u re  3.26. Comparison of A. bisporus and S. him antioides (Bb24) products amplified by 
RT-PCR. Total RNA from the Agaricus mushroom and 12C were employed for cDNA 
synthesis using 50 pmol each of Nat 1 and Nat 2 primers. Lane 1 - Ctrl, control run. Lane 2 - 
M. A. bisporus mushroom. Lanes 3 - 1 1  represent Bb24. which have been subjected to the 
different training/sublethal (Tr), extreme heat (HS) and recovery (R) regimes. Lane 3 - 5  
represent Train A cultures (28 °C/ 48 hrs): 28 °C/ 48 hrs (lane 3); exposed to extreme heat of 
40 °C/ 3 hrs (lane 4); placed into recovery 25 °C/ 24 hrs (lane 5). Lanes 6 - 8  represent Train B 
cultures (30 °C/ 48 hrs): 30 °C/ 48 hrs (lane 6); exposed to extreme heat of 40 °C/ 3 hrs (lane 
7); placed into recovery 25 °C/ 24 hrs (lane 8). Lane 9 - 1 1  represent Train C control cultures 
(25 °C/ 24 hrs): 25 °C/ 24 hrs (lane 9); exposed to extreme heat of 40 °C/ 3 hrs (lane 10); 
placed into recovery 25 °C/ 24 hrs (lane 11). Refer to Chapter 2. Section 2.1.1.2. Figure 2A 
for schematic of temperature regimes. Lane 12 - MW, 100 bp molecular weight ladder 
(Pro mega).
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It is c lear tha t the  cD N A  products produced are generated from  the  R N A  extracts p repared  and 
is  n o t an aberration fro m  a contam inant, as the w ater controls in  b o th  experim ents w ere clean,
i.e. w ith  the  absence o f  bands (lanes 3 and 2, Figures 3 .25 and 3 .26  respectively). B u t i t  is no t 
c lear as to  the  re la tionsh ip  betw een the variations in  in tensity  o f  the  bands p roduced  in  both  
F igures 3.25 and 3.26. T he variations in band in tensities from  the  d ifferen t sam ples, m ay be  
caused  b y  quantitative varia tions in  the  starting m ateria l, although there  w ere d ifficu lties in  
quantify ing this m aterial as it w as below  the level o f  sensitiv ity  o f  the  V is/U V  
spectrophotom eter used.
To ensure  that the  R T -P C R  products produced w ere no t from  spurious genom ic D N A , F igure 
3.27 illustrates the  ease in identification betw een the tw o types o f  p roducts generated  due to  
the careful design o f  the  prim ers. T he genom ic D N A  are clearly  seen to  be  g rea ter in  s ize  to  
that o f  the  cD N A  counterparts w ith a  predicted and observed 50 bp  d ifference.
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F ig u re  3.27. Comparison of genomic DNA and cDNA products o f A. bisporus mushroom and 
Serpula  species. 12C and Bb24. Lane 1 - Ctrl, negative water control. Lanes 2 and 3 represent 
A. bisporus DNA and RNA derived products; lane 2 - M pc, mushroom genomic DNA and 
lane 3 - M rt, mushroom cDNA. Lanes 4 and 5 represent products derived from Train C 
extreme heat treated extracts of 12C DNA and RNA respectively: lane 4 - 12C pc, 12C 
genomic DNA produced from Train C; lane 5 - 12C rt, 12C cDNA product. Lanes 6 and 7 are 
products derived from Train C extreme heat treated extracts of Bb24 DNA and RNA 
respectively; lane 6 - Bb24 pc. Bb24 genomic DNA from Train C extreme heat treated 
cultures; lane 7 - Bb24 rt. cDNA product. Lane 8 - MW. 500 bp molecular weight ladder 
(Appligene).
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3.3.4 Cloning and Sequencing of c D N A  and Genomic D N A  Products.
The purified cDNA and genomic products generated from the previous experiments were 
ligated into pGEM-T vectors and subsequently used to transform MAX Efficiency DH5a™ 
competent cells. The following Figure 3.28 represents a plate o f cultures with both 
recombinant and non recombinant colonies (white and blue colonies respectively).
F igure  3.28. White and blue colonies of recombinant and non-transformed clones respectively.
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T he bacteria l p late-contain ing  X -gal represents the  effective screening  o f  b lu e  and  w hite 
co lonies. C loning  w ith P rom ega’s pG E M -T  vecto r involves the  insertional inactivation  o f  the  
la cZ ’ gene; recom binants being distinguished  by  the ir inability  to synthesize  ^ -g a lac to sid ase , 
resu lting  in  w hite  colonies.
U sing  the  restriction sites o f  E coR I w ithin the pG E M -T  vector, the  inserted  cD N A  and 
genom ic D N A  fragm ents generated from  the  R T -PC R  and P C R  reactions, respective ly  w ere 
sequenced  giving the fo llow ing resu lts (N, signifies unknow n base  pair). T he p lasm id  yield 
con tain ing  the cD N A  fragm ents derived from  R T -P C R  reactions from  A. b isporu s  and  B b24 
w as insuffic ien t to  give sequencing results (Figures 3.29 - 3.32).
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1 TTCCCCCAAA ATTGCCGGCT TTAGGGCCCG ATGTCACATG CNCCCGGCCG 
51 NCANGGCGGC CGNGGGAATT CGATTCACTC ATCTTGGTGG TGAGGATTTT 
101 GACAATGCGC TTCTCNANCA CTTCAAGAAC NAGTTCAAGA ANAAGACCAA 
151 GTTTGATATC TCTGATGATG CTCGCGCTCT CAGGCGTCTC AGGTCTGCCT 
201 GCGAGCGTGC CAAGAGGACT CTCTCCAGTG TCACACAGAC TATGGTCGAG 
251 GTTGACTCCC TGTATCAGGT CCGTTAACGA TTTGCTTNTA CNGGTGTCNN 
301 CAGCCAGCTG ATGATCTAAT TAGGGCGAAN ACTTCTCTGC TANCATCACC 
351 CGTGCTCNTT TCGAGGAGAT TNACGCTGTC CTCTTCAAGT CTACCCTTGA 
401 ACCCGNTGAG AAGGTCTTGA AGGATGCNCN NATGGCACGT GAGAAGGTTG 
451 ATGACATCCT CCTTGTCGGT GGTTCCNCCC NTATNNTCAC TATTNAATTC 
501 CCGGCCGCCT GCNNGTCNAC CATNTGGGAN AGCTCCCCNC GCNTNGGATG 
551 CCTAGCTTGA GTTTNCTATT TTGTCCCTAC TAGCTTGGCG TCNCCNGGTC 
601 ACAGCNGNTT CCTNTGTNAA ATTGTTATCC CNCCCCATTC CANCCCATNC 
651 NAACCNNAAN CCTCNATTTT TTCCNCGNNG TTGCNTAATT NTTCNNCTTN 
701 CTCCCTCCTT CGCNTTGCNC TCCNTCCCCC TTTCTTTCTG GNAAACCTTT 
751 CNCCNCCTNC CCNNATNAAT CCCCCNTCCC GGGAANNGCT GTTTCCTNTT 
801 TCNCCCCCTN TCCTCCTTCC CACTCNCCCC TCTCCCNGTT TTTNNCNNTN 
851 CANCNNCTCT CTCNCCCACG CNGTNCTCTC C
F ig u re  3.29. A. bisporus  (M p2) genom ic D N A  sequence, leng th  881 nucleo tides long.
1 TTTTCCCCCA CCTTTGCCCA CTTATAGGCC CGGCTTTTAA NGGCGCGACG 
51 TCGCANGCCC CCGGCCGAAA TGGCGGCCNT GGGAATTCGA TTATACGGGT 
101 GGAACCACCG ACGCGCCCTC ACCACCAANA TGAGTGAATC ACTATTGAAT 
151 TCGCGGCCGC CTGCAGGTCG ACCATATGGG ANAGCTCCCA ACGCGTTGGA 
201 TGCATAGCTT GAGTATTCTA TAGTGTCNCC TAAATAGCTT GGCGTAATCA 
251 TGGTCATAGC TGTTTCCNGT GTGAAATTGT TATCCGCTCA CAATTCCACA 
301 CNACATANNA GCCGGAANCA TAAANTGTNA AGCCTGGGGT GCCTANTGAN 
351 TNATCTAACT CACATNANTT GCGTTGCGCT CACTGNCCGC TTTCCANTCG 
401 GGAAACNGTC CTNCCANCTG NATTANTGAT TCTGCCNACT CCCGGGGAGA 
451 GGCGGNTTGC GTNTTGGGNG CTCTTCCNCT TCCCNCTCAC TNATTCNCTG 
501 CNCTCGGNCN TTCGGTTNNC GCGTANCGGT NTCCNCCCCC TTTANNGCGG 
551 TATNACTGTT NTCCACNCAA TCCTGGGATT TCCCCCGAAA TTAACNTGTN 
601 NTCTTTACGC CTCNTCCCTG CCNNNTANNC TGTTCAANGG NNNCGTNNCT 
651 GNTTTTTTTC NTNCGGTNCC CTCCCNCGAC TANCTATTCC TTAATCCANG 
701 CTCACTCCTN AGTGGCGACC CTCTTCTNGC ACTTNCATTA TCCCNCNCTC 
751 NCCNCCTGGN ANCNCCTCCT ATTTCTTCTT TCCTCCCCTC CTTNAACTTA 
801 CCTTTTCCCC TTTNTCCCTN CTGNAANCTT CTCTCTCTCN TCCCNNCCCT 
851 CCCCNTTTTT CTCTTTANTC NTTGNTCTTC CNTCCATCTC NGNCNNNTCN 
901 CCC
F ig u re  3.30. B b24 (Bp4) genom ic D N A  sequence, length  903 nucleo tides long.
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1 NCCCCCCCTT TTNCCACCAT TTGCCCGGCT TNANGGCCCG ATTTNNCATG
51 CNCCCGGCCG NAANGGCGGC CNTGGGAATT CGATTATACG GGTGGAACCA
101 CCGACCACCC TGGGAACTGG TCCTCACCAC CAANATGAGT GAATCACTAA
151 TGAATTCGCG GCCGCCTGCA GGTCGACCAT ATGGGANAGC TCCCAACGCG
201 TTGGATGCAT AGCTTGAGTA TTCTATANTG TCACCTANAT AGCTTGGCGT
251 AATCATGGTC ATAGCTGTNT CCTGTGTGAA ATTGTTATC C GCNCACAATT
301 CCACACNANA TACNAGCCGG AAGCATAAAN tgtnAagcct GNGGTGCCNA
351 TTGAGTGAGC CANCTCACAT TAATTGCGTT GCNCTCACTG CCCGCTTTCC
401 ANTCNGGAAA CCNGTCNTGC CAGCTGCNTT AATGAATCTG CCAACGCGCG
451 GGGTACAGGC GGTTTGCGTA NNGGGCNCTC TTCCNCTTCC TCGCTCANTG
501 ACTCTCNGCG CTCGGTCGTT CGGCTGCGGN NATCNGTATC NTCTCTCTCA
551 NAGGNNNGCN ATACCGTTAT CCCANATTCT CGGGATNNCC CCTGAANGAA
601 CNTTTCACCA TAACGTCCNC CNACGCCNCN AACCCTTCNC TGCCTCTTNC
651 CGNCTTTTCT CCNTATGCNC NCCCCCCCTN ACCACNTCAT TNATNTCCTN
701 CCNNCCACTT TATGTGNCCA CCCCCANCNA CCNCCTTATN CCNGCCTTTC
751 TTCCTTANAA TTCCCCTTCC CCCTCTCTNT CCTCNTCTNT CTCTACTNCA
801 TNCTNGTTCC ACCTTNCCTC CTGGACTTTT NCTCCTCTTN TNTCCTCCCC
851 NATGTTCCCT TTCCNNTCAN TTTCNACNCT NTCTTGNTTT TNNCTCTCC
F ig u re  3.31. 12C (C p l)  genom ic D N A  sequence, length 899 nucleo tides long.
1 NCCCCCCCCT TTCCCCCCCT NTTCCTTATT TTAGGCGNCN TTTAAAAGGG 
51 CCCGTNCTGG GCCCCTTGTT GAAATNGCGG NTTTCGGAAT TCNACTNTAC 
101 CGGTGGATTC NCCCNNGTNC TACGANNTCT TCTAACTCGC TCTTNGGGNT 
151 NACCTGCNNT TANNTTNAGG NCTTCTTCNC NCANGCCTNT NTNGCCTCAT 
201 TCNNNCTATN CCTTCCNTCC NGATCTTTNC TCNCTNNNNA NCTCCNNTCT 
251 CCTANNTNTN CCACCTCCTC NGGCTCNTAN TCCTGNTCTN CNGNGACGTN 
301 GCTCTTNTTC ATNCCTCTTC TNCCCNNCNN ATCCTCTTCC NTCATTCNTT 
351 CCCCTCTCGN NTNGCNTTCC NTTTTNTTTT TTTTNNCNNG TCCNCCNCTN 
401 NCCCCCTCTC NCCNCTCCCC TGACACATNT TTCTATTTTT CGCNGCTCNC 
451 NCAGNTATCN NNTTTGGTTT TCTTNCTTTT CTNCTCCCNT NCCCTTCCTN 
501 TNCTNNTNGG TNTNTTTCTT TNTCTNCNTC TCNCCNTCNA CTTTNCNCGT 
551 CCCCCAANTT NNTCTTCCTT CCCCCCTTCT ACNTCCNAGC GTACTCCTTC 
601 TCCCCTCTCC NGCCTCTCNN TCTCTTGTTT TNCTNNTTCT TTTTCCCTCC 
651 TATTTTCNGC ATCTCCTCCT NNTTTCCTCT CTCTTCNTAN ATCTNTTCCC 
701 TCCTTNCTNC CCTCGTTTAC NNANCNNCCC ACCNTTTCCT CACCCCATCC 
751 NTTTTNNCCN TTNCTCNCTT NCCNAGCTCN TTCACNCTCN GGTCTCCTNT 
801 TNNNCCCTTC TNCTTNTGTC NNNCTNNNNT GCNTCTCGCC TTTCTCNCCT 
851 CCTTCTNNNT CCNCCCNCCN TCNCNCCTTT CTTTCCCTCN CTTCCTTNGC 
901 TGTNTCCCNN NCCTCTCAGT TCTCNTCNCT NTTTCCTTCC NTTCNNC
F ig u re  3.32. 12C (C r4) cD N A  sequence, length 947 nucleo tides long.
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Initial a lignm ents o f  the  th ree sequences to the A. bisporus  h spA  gene sequence  u sing  the 
W isconsin  G C G  gap  com parison  program  (w w w .seqnet.d l.ac.uk) resu lted  in  85.9  %  sim ilarity  
o f th e  con tro l M p2  sequence (Figure 3.33) dem onstrating tha t the  experim en tal rationale  
behind  the  p rim er design w as vindicated to  cloning and sequencing. C om parison  o f  A. 
bisporus  (M p2) contro l sequence to  B b24  genom ic D N A  (B p4), 12C genom ic D N A  (C p l)  
and 12C cD N A  (C r4) sequences resulted in  a  low  % sim ilarity , ind icating  the gene  sequences 
c loned  fo r bo th  Serpula  species did no t resem ble the A. bisporus  h spA  gene sequence  (F igure 
3.34 A  - C). A reas h ighlighted in blue refer to  the longest regions o f alignm ent w ith  h ighest 
sequence hom ology. Table  2.2.8 sum m arises the resu lts ob tained  from  the  G C G  gap 
com parisons against A. bisporus  hspA, partial gene sequence.
Generated 
unknown fungal 
sequences
GCG gap comparison to A . 
bisporus hspA gene sequence
% Similarity % Identity
Mp2 85.9 79.8
Bp 4 49.7 36.9
Cpl 40.4 33.4
Cr4 49.7 30.2
T a b le  3.2.8. G C G  gap com parison o f unknow n gene sequences, M p2, B p4, C p l and  C r4 to  A. 
bisporus  h spA  partia l sequence (A ccession no. X 98505).
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Figure 3.33. GCG Gap comparison of Mp2 nucleotide sequence aligned to A. bisporus partial
sequence of hspA (Accession number X98508).
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Quality: 443.5 Length: 882
Ratio: 0.827 Gaps: 3
Similarity: 85.981 Percent Identity: 79.813
x Mp2.gcg
1 ...................TCACTGCTCAATATTAATGGTGGTGTTTTC 30
1 TTCCCCCAAAATTGCCGGCTTTAGGGCCCGATGTCACATGCNCCCGGCCG 50 
31 GCTGTAAAGGCAACTGCCGGTGA..CACTCATCTTGGTGGTGAGGATTTT 78
: l  : 1 1 : 1  II 1T ®I  I I I I I I I I f  I I I I I I 11 I I I
51 NCANGGCGGCCGNGGGAATTCGATTCACTCATCTTGGTGGTGAGGATTTT 100
79 GACAATGCGCTTCTCGAACACTTCAAGAACGAGTTCAAGAAGAAGACCAA 128
1 1  I I I I I I I I I I I I I : h  I I ! I I I I  I I I I I : I I I I I I I I I I  : 1 !  I i l  I I I
101 GACAATGCGCTTCTCNANCACTTCAAGAACNAGTTCAAGAANAAGACCAA 150
129 GTTTGATATCTCTGATGATGCTCGCGCTCTCAGGCGTCTCAGGTCTGCCT 178
I I I I I I I I I  I I I I I I I I I  I I  I I I I I I I I I I I I I I I I I I  I I I I  I I I  I I I I I
151 GTTTGATATCTCTGATGATGCTCGCGCTCTCAGGCGTCTCAGGTCTGCCT 200
179 GCGAGCGTGCCAAGAGGACTCTCTCCAGTGTCACACAGACTATGGTCGAG 228
I I I I I I I I I I I I I I I  I I I I I  I I I I  I I I I I I I I I I I I I I I I I  I I I I I I  I I I
201 GCGAGCGTGCCAAGAGGACTCTCTCCAGTGTCACACAGACTATGGTCGAG 250
229 GTTGACTCCCTGTATCAGGTACGTTAACGATTTGCTTATACAGGTGTTCA 278
I I I I I I I II I I I II I II I I I I I I I I II I I I I I I I I I : I II : II I I I I :
251 GTTGACTCCCTGTATCAGGTCCGTTAACGATTTGCTTNTACNGGTG.TCN 299
279 ACAGCCAGCTGATGATCTAATTAGGGCGAAGACTTCTCTGCTAGCATCAC 328
300 NCAGCCAGCTGATGATCTAATTAGGGCGAANACTTCTCTGCTANCATCAC 349
329 CCGTGCTCGTTTCGAGGAGATTAACGCTGTCCTCTTCAAGTCTACCCTTG 378
1 I II I I I I : I I I II I I I I I II I : I II I II I II I II I II I II I I I II I I I I
350 CCGTGCTCNTTTCGAGGAGATTNACGCTGTCCTCTTCAAGTCTACCCTTG 399
379 AACCCGTTGAGAAGGTCTTGAAGGATGCTAAGATGGCACATGAGAAGGTT 428
Ml  IKi : I 111 I I I I  I I I I  11 I M i l  I ! : : :  I I II I I I I I I II I I I II
400 AACCCGNTGAGAAGGTCTTGAAGGATGCNCNNATGGCACGTGAGAAGGTT 449 
429 GATGACATCGTCCTTGTCGGTGGTTCCACCCGTATACCTAAGGTCCAAGC 478
Ml  I II I I I : I II M I I I I M I I I II I : Ml  : M I : : I I Ml
450 GATGACATCCTCCTTGTCGGTGGTTCCNCCCNTATNNTCACTATTNAATT 499 
479 CCTTGTCTC..TGAGTACTTCGGTGGTCGTCAACTCAACAAGTCTATCAA 526 
500 CCCGGCCGCCTGCNNGTCNACCATNTGGGANAGCTCCCCNCGCNTNGGAT 549
527 CCCCGATGAG.......................................  536
I I I
550 GCCTAGCTTGAGTTTNCTATTTTGTCCCTACTAGCTTGGCGTCNCCNGGT 599
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F igure 3 .34  A . GCG Gap comparison o f  B p4 nucleotide sequence aligned to A . b isp o ru s
partial sequence o f  hspA (A ccession number X 98508).
Gap Weight: 5.000 Average Match: 1.000 
Length Weight: 0.300 Average Mismatch: 0.000
Percent
Quality: 224.4 Length: 743 
Ratio: 0.419 Gaps: 6 
Similarity: 49.718 Percent Identity: 36.911
x98508 k  bp4.gcg
1 ................................TCACTGCTCAATATTA
1 III 1 II 16
163 1 I I I  1 I IGCAGGTCGACCATATGGGANAGCTCCCAACGCGTTGGATGCATAGCTTGA 212
17 ATGGTGGTGTTTTCGCTGTAAAGGCAACTGCCGGTGACACTCATCTTGGT
I I  1 : I NI  1 II II 1 1 I I I  1GTATTCTATAGTGTCNCCTAAA. . TAGCTTGGCGTAATCATGGTCATAGC
66
213 260
67 GGTGAGGATTTTGACAATGCGCTTCTCGAACACTTCAAGAACGAGTTCAA 116
261 II * 1 1 1 1 1 1 1  I I I  1 1 1 1 1 1 1 1 * 1* * 1 TGTTTCCNGTGTGAAATTGTTATCCGCTCACAATTCCACACNACATANNA 310
117 GAAGAAGACCAAGTTTGATA.......... TCTCTGATGATGCTCGCG 154
311 1 1 1 • 1 1 *11*1 • I I I * *  II 1GCCGGAANCATAAANTGTNAAGCCTGGGGTGCCTANTGANTNATCTAACT 360
155 CTCTCAGGCGTCTCAGGTCTGCCTGCGAGCGTGCCAAGAGGACTCTCTCC II . . 1 1 II III. M I N I -  II | . 204
361 I I  * * 1 1 II 1 1 1 * 1 1 1 1 1 1 * II 1 •CACATNANTTGCGTTGCGCTCACTGNCCGCTTTCCANTCGG. GAAACNGT 409
205 AGTGTCACACAGACTATGGTCGAGGTTGACTCCCTGTATCAGGTACGTTA 254
410 1*11*  * 1 1 1 * 1  1 *1111111 I I I  *11CCTNCCANCTGNATTANTGATTCTGCCNACTCCCGGGGAGAGGCGGNTTG 459
255 ACGATTTGCTTATACAGGTGTTCAACAGCCAGCTGATGATCTAATTAGGG •III* 1 >111 | .| 11.II .11 . It 304
460 • I I I *  1 - I I I  1* 1 11*11 * 1 1 * IICGTNTTGGGNGCTCTTCCNCTTC. . CCNCTCACTNATTCNCTGCNCTCGG 507
305 CGAAGACTTCTCTGCTAGCATCACCCGTGCTCGTTTCGAGGAGATTAACG • > | . . || . . | . | | || | . . | | | . | | 354
508 • • 1 • • 1 1 • ♦ 1 * 1 1 1 1 1 ••1 1 1*11NCNTTCGGTTNNCGCGTANCGGTNTCCNCCCCCTTTANNGCGGTATNACT 557
355 CTGTCCTCTTCAAGTCTACCCTTGAACCCGTTGAGAAGGTCTTG___AA| . | . | | |  || || | | | | || . | | . . | 400
558 1 * 1  - I I I  II II 1111 1 1 * 1 1 * *  1GTTNTCCACNCAATCCTGGGATTTCCCCCGAAATTAACNTGTNNTCTTTA 607
401 GGATGCTAAGATGGCACATGAGAAGGTTGATGACATCGTCCTTG..... 444
608 1 1 • 1 1 1 *•• 1 •• I I  1 * 1 ••• 1 1 1 * * 1 1CGCCTCNTCCCTGCCNNNTANNCTGTTCAANGGNNNCGTNNCTGNTTTTT 657
445 ....TCGGTGGTTCCACCCGTATACCTAAGGTCCAAGCCCTTGTCTCTG. | | | | . | | . | | || . | || (III. II II 489
658 * 1 1 1 1 * 11*11 11*111 1 1 1 1 * 1 1 1 1TTCNTNCGGTNCCCTCCCNCGACTANCTATTCCTTAATCCANGCTCACTC 707
490 AGTACTTCGGTGGTCGTCAACTCAACAAGTCTATCAACCCCGATGAG. . .
:| 1 1 1 : II : I N I  : | : |  : :CTNAGTGGCGACCCTCTTCTNGCACTTNCATTATCCCNCNCTCNCCNCCT
536
708 757
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F igure 3 .34 B . GCG Gap comparison o f  C p l nucleotide sequence aligned to A . b isp o ru s
partial sequence o f  hspA  (A ccession number X 98508).
Gap Weight: 5.000 Average Match: 1.000 
Length Weight: 0.300 Average Mismatch: 0.000
Percent
Quality: 185.0 Length: 546 
Ratio: 0.370 Gaps: 2 
Similarity: 40.408 Percent Identity: 33.469
X98508 x Cpl.gcg
1 ........TCACTGCTCAATATTAATGGTGGTGTTTTCGCTGTAAAGGC1 . Ill | | . . III).. 41
1 1 * II 1 1 1 • • 1 1 1 1 • •NCCCCCCCTTTTNCCACCATTTGCCCGGCTTNANGGCCCGATTTNNCATG 50
42 AACTGCCGGTGACACTCATCTTGGTGGTGAGGATTTTGACAATGCGCTTC . | . | . | | . | | 1 1 II 1 II 91
51 • 1 • 1 • 1 I ' l l  1 1 1 1 1 IICNCCCGGCCGNAANGGCGGCCNTGGGAATTCGATTATACGGGTGGAACCA 100
92 TCGAACACTTCAAGAACGAGTTC. AAGAAGAAGACCAAGTTTGATATCTC 1 1 1 1 1 1 II 1 1 III 1 1 1 - III 1 140
101 1 1 1 1 1 1 1 1 1 1 III 1 1 1 ' III 1 CCGACCACCCTGGGAACTGGTCCTCACCACCAANATGAGTGAATCACTAA 150
141 TGATGATGCTCGCGCTCTCAGGCGTCTCAGGTCTGCCTGCGAGCGTGCCA III II III 1 1 1 1 II 1 | . | | | | 190
151 III II III 1 1 1 1 II 1 1*11 1 1TGAATTCGCGGCCGCCTGCAGGTCGACCATATGGGANAGCTCCCAACGCG 200
191 AGAGGACTCTCTCCAGTGTCACACAGACTATGGTCGAGGTTGACTCCCTG 240
201 1 1 1 III 11*11 1 1 * 1 1  1 1TTGGATGCATAGCTTGAGTATTCTATANTGTCACCTANATAGCTTGGCGT 250
241 TATCAGGTACGTTAACGATTTGCTTATACAGGTGTTCAACAGCCAGCTGA 1 1 1 1 1 II | . | | |  | | | 1 1 1 -II 290
251 1 1 1 1 1 II 1*1 II 1 1 1 1 1 1 * 1 1AATCATGGTCATAGCTGTNTCCTGTGTGAAATTGTTATCCGCNCA.... 295
291 TGATCTAATTAGGGCGAAGACTTCTCTGCTAGCATCACCCGTGCTCGTTT
I I I  h h *  : I I  M i l l  1 : l b  1___CAATTCCACACNANATACNAGCCGGAAGCATAAANTGTNAAGCCTG
340
296 341
341 CGAGGAGATTAACGCTGTCCTCTTCAAGTCTACCCTTGAACCCGTTGAGA 390
342 * 1 1 * 1 1 1 1 * 1 1 1 1 1  1*1 1NGGTGCCNATTGAGTGAGCCANCTCACATTAATTGCGTTGCNCTCACTGC 391
391 AGGTCTTGAAGGATGCTAAGATGGCACATGAGAAGGTTGATGACATCGTC 440
392 1 11 I* *1 II * 1 1 * II 1 * 1 1 III 1 CCGCTTTCCANTCNGGAAACCNGTCNTGCCAGCTGCNTTAATGAATCTGC 441
441 CTTGTCGGTGGTTCCACCCGTATACCTAAGGTCCAAGCCCTTGTCTCTGA 1 II 1 1 1 1 1 II 1 1 1 . . . II .11 490
442 1 I I  M i l l  I I  1 1 1* *  * I I  *11CAACGCGCGGGGTACAGGCGGTTTGCGTANNGGGCNCTCTTCCNCTTCCT 491
491 GTACTTCGGTGGTCGTCAACTCAACAAGTCTATCAACCCCGATGAG 536 . |
492 • 1CGCTCANTG................................... 500
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F igure 3.34 C. GCG Gap comparison o f  Cr4 nucleotide sequence aligned to A . b isp o ru s
partial sequence o f  hspA (A ccession number X 98508).
Gap Weight: 5.000 Average Match: 1.000 
Length Weight: 0.300 Average Mismatch: 0.000
Percent
Quality: 249.3 Length: 956 
Ratio: 0.465 Gaps: 2 
Similarity: 49.715 Percent Identity: 30.171
x98508 x cr4.gcg
1 ................ TCACTGCTCAATATTAATGGTGGTGTTTTCGC 32
151 NACCTGCNNTTANNTTNAGGNCTTCTTCNCNCANGCCTNTNTNGCCTCAT 200
33 TGTAAAGGCAACTGCCGGTGACACTCATCTTGGTGGTGAGGATTTTGACA | . . . .||ll» -1 | . | ........| . . | 82
201 1 • • * *1111* • 1 1 * 1 ........1 ♦ • 1TCNNNCTATNCCTTCCNTCCNGATCTTTNCTCNCTNNNNANCTCCNNTCT 250
83 ATGCGCTTCTCGAACACTTCAAGAACGAGTTCAAGAAGAAGACCAAGTTT . . | . . | | | | | | . | | . .|| | . . . .  | | . 132
251 CCTANNTNTNCCACCTCCTCNGGCTCNTANTCCTGNTCTNCNGNGACGTN 300
133 GATATCTCTGATGATGCTCGCGCTCTCAGGCGTCTCAGGTCTGCCTGCGA 182
301 1 1 1 • 1 1 1 • II • 1 1 • • • • III * 1 1 •GCTCTTNTTCATNCCTCTTCTNCCCNNCNNATCCTCTTCCNTCATTCNTT 350
183 GCGTGCCAAGAGGACTCTCTCCAGTGTCACACAGACTATGGTCGAGGTTG 232
351 CCCCTCTCGNNTNGCNTTCCNTTTTNTTTTTTTTNNCNNGTCCNCCNCTN 400
233 ACTCCCTGTATCAGGTACGTTAACGATTTGCTTATACAGGTGTTCAACAG . | | | | | | . | . | | i n  | .11 1 II 282
401 * 1 1 1 1 1 1 * 1 * 1 1 III 1 *11 1 IINCCCCCTCTCNCCNCTCCCCTGACACAT. . . NTTTCTATTTTTCGCNGCT 447
283 CCAGCTGATGATCTAATTAGGGCGAAGACTTCTCTGCTAGCATCACCCGT 332
448 1 • *1 1*1 * * • II 1 *111 111*11 1*1* IICNCNCAGNTATCNNNTTTGGTTTTCTTNCTTTTCTNCTCCCNTNCCCTTC 497
333 GCTCGTTTCGAGGAGATTAACGCTGTCCTCTTCAAGTCTACCCTTGAACC . . |.. .|| . .| | |.| | .|.| | . | . | . | . | . 382
498 * * 1 * * * 1 1 • *1 1 1*11 * 1 * 1 1 • 1 • 1 • 1 * 1 *CTNTNCTNNTNGGTNTNTTTCTTTNTCTNCNTCTCNCCNTCNACTTTNCN 547
383 CGTTGAGAAGGTCTTGAAGGATGCTAAGATGGCACATGAGAAGGTTGATG 432
548 III 1*1** II 1 11*1 *1 II CGTCCCCCAANTTNNTCTTCCTTCCCCCCTTCTACNTCCNAGCGT.... 592
433 ACATCGTCCTTGTCGGTGGTTCCACCCGTATACCTAAGGTCCAAGCCCTT 482
593 1 1 1 1 1 1 1 • 1 1 1 1 • • II 1 • 1 • : III. ACTCCTTCTCCCCTCTCCNGCCTCTCNNTCTCTTGTTTTNCTNNTTCTT 641
483 GTCTCTGAGTACTTCGGTGGTCGTCAACTCAACAAGTCTATCAACCCCGA 1 1 llll • II 1 || . . 1 1 1 1 1 1. .1 532
642 1 1 llll * II 1 II** Mill I* *1 TTTCCCTCCTATTTTCNGCATCTCCTCCTNNTTTCCTCTCTCTTCNTANA 691
533 TGAG........................................... 536
741692 1 :TCTNTTCCCTCCTTNCTNCCCTCGTTTACNNANCNNCCCACCNTTTCCTC
163
Cpl 592 CTGAANGAACNTTTCACCATAACG____TCCNCCNACGCCNCNAACCCTT 637
bp 4 586 1 I I *  M i l l  I * *  1 1 I I I  * 1*1 * 1 * * • • I *  1 CGAAATTAACNTGTNNTCTTTACGCCTCNTCCCTGCCNNNTANNCTGTTC 635
Cpl 638 CNCTGCCTCTTNCCGNCTTTTCTCCNTATGCNCNCCCCCCCTNACCACNT 
. . 1 • • • 1 1 1 * 1 • • I N I  1 I I I -  1 . . . I I  I I I .  . 11 1 . . 1 687
bp 4 636 • • 1 • • * 1 I I  • 1 • * 1 1 1 1 1 I I I *  1 • • • I I  I I I -  - I I  1 • • 1AANGGNNNCGTNNCTGNTTTTTTTCNTNCGGTNCCCTCCCNCGACTANCT 685
Cpl 688 CATTNATNTCCTNCCNNCCACTTTATGTGNCCACCCCCANCNACCNCCTT 737
bp4 686 1 * 1* 1 * * ■ * • I 1* 111*1 till 1 *1** 1*1 1* ATTCCTTAATCCANGCTCACTCCTNAGTGGCGACCCTCTTCTNGCACTTN 735
Cpl 738 ATNCCNGCCTTTCTTCCTTANAATTCCCCTTCCCCCTCTCTNTCCTCNTC 787
bp 4 736 • • 1 1 • • 1 1 • 1 • • • • 1 • I I  I N I *  11*11CATTATCCCNCNCTCNCCNCCTGGNANCNCCTCCTATTTCTTCTTTCCTC 785
Cpl 788 TNTCTCTACTNCATNCTNGTTCCACCTTNCCTCCTGGACTTTTNCTCCTC 837
bp 4 786 : I I  : ' I  h i  : M i l  1 I I I  1 1 = : : : I I ICCCTCCTTNAACTTACCTTTTCCCCTTTNTCCCTNCTGNAANCTTCTCTC 835
Cpl 838 TTNTNTCCTCCCCNATGTTCCCTTTCCNNTCANTTTCNACNCTNTCTTGN 887
bp4 836 1 • 1 1 1 1 • • I I *  • 1 1 1 1 • * 1 I I I  • * • * 1 1 • 1 • 1 *TCTCNTCCCNNCCCTCCCCNTTTTTCTCTTTANTCNTTGNTCTTCCNTCC 885
Cpl 888 TTTTNNCTCTCC..... 899
1 1 • 1 . 1 . . .
bp 4 886 1 1 • 1 • 1 • • •ATCTCNGNCNNNTCNCCC 903
164
Further analysis u sing  the  F astA  and G C G  search engines (w w w .seqnet.d l.ac .uk), the  
sequences o f  12C and B b24  w ere in itially  com pared against all th e  gene sequences iden tified  
in th e  EM BL: fungal database. Further searches w ere undertaken  using  a variety  o f  gene 
databases, the  resu lts fo r w hich are individually  sum m arised in  the  fo llow ing  sections. A ll 
nucleo tide sequences w ere truncated  p rio r to analysis to  exclude reg ions possib ly  rela ting  to  
the vecto r sequence. T he  sequences were trim m ed at a position  corresponding  to  101 and  850 
bp. T he rem ain ing  conserved  “core” sequences betw een 101 and  850 bp  w ere then  used  fo r 
the FastA  searches.
T he F astA  uses the m ethod o f  Pearson and L ipm an (1988) to  search  fo r sim ilarities betw een 
the query sequence (unknow n) and any m arked group o f  sequences (EM BL: fungal). In  the  
first step o f this search, the com parison can be  view ed as a  set o f  do t p lo ts, w ith the  query  as 
the vertical sequence and the group o f sequences to w hich the query  is being com pared  as the 
d ifferent horizontal sequences. This first step finds the reg isters o f  com parison  (diagonals) 
having  the largest num ber o f  short perfect base-pair m atches (o r w ords) fo r each com parison. 
In the  second step, these “best” regions are re-scored using  a  scoring  m atrix  tha t allow s 
conservative replacem ents, am biguity  sym bols, and runs o f  iden tities shorter than  the  size  o f  
the w ord. In the  th ird  step, the  program  checks to  see i f  som e o f  these  in itial h ighest-scoring  
diagonals can be  jo in ed  together. Finally, the  searches set sequences w ith  the  h ighest scores 
are aligned to  the  query sequence fo r display.
A  F astA  search w as in itia ted  to  com pare C p l , B p4 and C r4 nucleo tide sequences to  the  
EM B L: Fungal gene database. T he prim ary search sum m arised  in  T ables 3 .2 .9  and 3 .3 .0 , 
show  the single pass sequencing o f  the putative clones o f  Serpula  species to  have hom ology  to  
a  num ber o f  fungal sequences.
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Percentage Homology
Name and Accession Cpl Percentage Bp4 Percentage
Description number Homology in a 
Nucleotide Overlap
Homology in a 
Nucleotide Overlap
S. pombe (clone L25928 74% identity in 562 66.8% identity in
pJK210) DNA nt overlap 723 nt overlap
S. pombe (clone L25927 74% identity in 562 66.8% identity in
pJKl48) DNA nt overlap 723 nt overlap
S. cerevisiae CUP1 U37457 76% identity in 495 67.7% identity innt overlap 661 nt overlap
Candida sp. CIP1 Y13973 89% identity in 275 84.8% identity in
gene nt overlap 270 nt overlap
S. pombe rADl7 X91889 84% identity in 231 79% identity in
checkpoint gene nt overlap 240 nt overlap
Pichia pastoris Z46234 66% identity in 236 nt overlap
58% identity in 
311 nt overlap
Picbia pastoris Z46232 66.9% identity in 236 nt overlap
58% identity in 
311 nt overlap
Pichia pastoris Z46233 66.9% identity in 236 nt overlap
58.5% identity in 
311 nt overlap
Pichia pastoris Z46231 66.9% identity in 236 nt overlap
58.5% identity in 
311 nt overlap
S. cerevisiae BX03 U53467 91% identity in 105 92% identity in
and BI04 genes nt overlap 105 nt overlap
T a b le  3 .2 .9 . C om parison o f  sequence hom ologies from  F astA  EM B L: fungal database search 
to  C p l a n d B p 4 .
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Name a n d  D e s c r i p t i o n
A c c e s s i o n
n u m b e r
C r4  P e r c e n t a g e  
H o m o lo g y  i n  a  
N u c l e o t i d e  O v e r l a p
S .  c e r e v i s i a e  XX 
c h ro m o so m e
Z 2 8 2 0 1 4 7 .9 %  i d e n t i t y  i n  
4 7 1  n t  o v e r l a p
S .  c e r e v i s i a e  DNA f r o m  
XV c h ro m o so m e
X 90565 5 4 .7 %  i d e n t i t y  i n  
2 0 1  n t  o v e r l a p
S .  c e r e v i s i a e  XV 
c h ro m o so m e
Z 7 5217 5 4 .7 %  i d e n t i t y  i n  
2 0 1  n t  o v e r l a p
A ,  n i g e r  z i n c  f i n g e r  
p r o t e i n
L 0 3 8 1 1 50% i d e n t i t y  i n  
3 3 0  n t  o v e r l a p
N .  c r a s s a  t r y p t o p h a n  
s y n t h e t a s e
J 0 4 5 9 4 5 6 .2 %  i d e n t i t y  i n  
2 1 9  n t  o v e r l a p
S .  c e r e v i s i a e  
c h ro m o so m e  XVI
Z 71255 5 2 .9 %  i d e n t i t y  i n  
2 3 8  n t  o v e r l a p
S .  c e r e v i s i a e  
c h ro m o so m e
Z 71255 5 2 .9 %  i d e n t i t y  i n  
2 3 8  n t  o v e r l a p
S .. c e r e v i s i a e  
c h ro m o so m e
U 33335 5 2 .9 %  i d e n t i t y  i n  
2 3 8  n t  o v e r l a p
S . c e r e v i s i a e  
c h ro m o so m e  XVI c o s m id
Z 48483 5 2 .9 %  i d e n t i t y  i n  
2 3 8  n t  o v e r l a p
Table 3.3.0. Comparison of sequence homologies from FastA EMBL: fungal database search 
to Cr4.
1 6 7
The highest percentage identity for both Cpl and Bp4 was against the S. p o m b e  (clone 
pJK210) DNA sequence accession number L25928 (Keeney and Boeke, 1994), with the 
longest nucleotide overlap o f 562 and 732 respectively (Table 3.2.9). In comparison there was 
no apparent high homology for the 12C cDNA clone, 0 4  against any of the highlighted 
EMBL: Fungal sequences (Table 3.3.0). The FastA search of the EMBL: fungal database also 
illustrated the difference’s between the genomic (Cpl and Bp4) and cDNA ( 0 4 )  generated 
sequences as the searches were completely different in each case. The alignment of Bp4 and 
Cpl sequences were further compared by GCG gap comparison to S. p o m b e  (Accession no. 
L25928), illustrated in Figure 3.35 A  and B.
1 6 8
F i g u r e  3 .3 5  A . G C G  g a p  c o m p a r is o n  i l lu s tra te s  th e  s e q u e n c e  s im i la r i ty  o f  B p 4  to  S. pombe
g e n e  s e q u e n c e  (S P S E Q B ) .
Q u a l i t y :  5 0 0 .0
R a t i o :  0 .6 7 8
P e r c e n t  S i m i l a r i t y :  7 6 .1 6 4
L e n g t h :  829
G a p s :  10
P e r c e n t  I d e n t i t y :  6 4 .7 9 5
s p s e q b  x  b p 4 .g c g
2 6 7 0  ____ GAGGTCGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCG
I II : II I I I I  l l l l l l  I II
113 GCGCCCTCACCACCAANATGAGTGAATCACTATTGAATTCGCGGCCGCCT 
2 7 1 6  GGGGATCCACTAGTTCTAGAGCGGCCGCCACCGCGGTGGAGCTCCAGCTT
I I II II I I I I  : II  I I I  I N I  I N I  M i l l
163 GCAGGTCGACCA. . TATGGGANAGCTCCCAACGCGTTGGATGCATAGCTT 
2 7 6 6  TTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAATCATGGTCAT
II II  M i l l  : I I I  I l l l l l l l l l l l l l l l l l l l l l
21 1  GAGTATTCTATAGTGTCNCCTAAAT. . . AGCTTGGCGTAATCATGGTCAT 
2 8 1 6  AGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATA
I I I I I I I II I : I I I I I I II I I I I I I I I I II I I I I I I I I I I I I I I : I I I I I
258  AGCTGTTTCCNGTGTGAAATTGTTATCCGCTCACAATTCCACACNACATA 
2 8 6 6  GGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGGTA
: :  I I I I I I I I : I I I I I I : I I I : I I I I I I I I I I I I I I I h  II  I : I : I II
308  NNAGCCGGAANCATAAANTGTNAAGCCTGGGGTGCCTANTGANTNATCTA 
2 9 1 6  ACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACC
I I I I I I I I : I : I I I I I II I I I I I I I I I I : I I I I I I I I I I : I I I I I I I I I
358  ACTCACATNANTTGCGTTGCGCTCACTGNCCGCTTTCCANTCGGGAAA. C 
2 9 6 6  TGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGT
N i l  M I M I M I I M I I  II  M I N I  I 1 1 1 1 1 1 1 1 1 1 1 1  h
407 NGTCCTNCCANCTGNATTANTGATTCTGCCNACTCCCGGGGAGAGGCGGN 
3 0 1 6  TTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTC
111I I  I N  I I I  I N N  I I I I  I N I  I I I  I N  1 1 1 I I N  11 N  111 N  11
457  TTGCGTNTTGGGNGCTCTTCCNCTTCC. CNCTCACTNATTCNCTGCNCTC 
3 0 6 6  GGTCGTTCGGCTGCGGCG. AGCGGTATCAGCTCACTCAAAGGCGGTAATA
1 1 N  N  1111 | : :  I I I  I N I I I N I  N  I II  h N I I I I I  N
506 GGNCNTTCGGTTNNCGCGTANCGGTNTCCNCCCCCTTTANNGCGGTATNA 
3 1 1 5  CGGTTATCCACAGAATCAGGGGATAACGCAGGAAA. GAACATGTGAGCAA
I M I N I M I :  M i l  M i l l  I I 1111 M I N I M :  |
556  CTGTTNTCCACNCAATCCTGGGATTTCCCCCGAAATTAACNTGTNNTCTT 
3 1 6 4  AAGGCCAGCAAAAGGCCAGG. . AACCGTAAAAAGGCCGCGTTGCTGGCGT
I I I I  : I I I : : *  * N  M I I : I I : : N  I I : : I I M I
606  TACGCCTCNTCCCTGCCNNNTANNCTGTTCAANGGNNNCGTNNCT. GNTT 
3 2 1 2  TTTTCCATAGGCTCGGCCCCCCTGACGAGCATCACAAAAATCGACGCTCA
1111 M M  I I : I I I I :  I I I  I N  I 1111 I N I I I
655  TTTTTCNTNCGGTNCCCTCCCNCGACTANCTATTCCTTAATCCANGCTC.
2 7 1 5
16 2
2 7 6 5
210
2 8 1 5
2 5 7
2 8 6 5
3 0 7
2 9 1 5
3 5 7
2 9 6 5
4 0 6
3 0 1 5
4 5 6
3 0 6 5
5 0 5
3 1 1 4
5 5 5
3 1 6 3
6 0 5
3 2 1 1
6 5 4
3 2 6 1
703
1 6 9
3 2 6 2  AGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTCCC
I II : l l l l l l l  I I  h i  h i  II : : I h i
7 0 4  ACTCCTNAGTGGCGACCCTCTTCTNGCACTTNCATTATCCCNCNCTCNCC 
3 3 1 2  CCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCG
: II I I I : I : I : I I I II  I I I I  I I I  : II
7 5 4  NCCTGGNANCNCCTCCTATTTCTTCTTTCCTCCCCTCCTTNAACT...........
3 3 6 2  GATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGC
M i l l  I I 1 1 1 1 1 * 1 1 1 1 1 - 1  1=11=1 I I  II  I h
7 9 9  . .TACCTTTTCCCCTTTNTCCCTNCTGNAANCTTCTCTCTCTCNTCCCNN 
3 4 1 2  TCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGG
I
847 CCCT..........................................................................................................................
7 5 3
3 3 6 1
79 8
3 4 1 1
84 6
3 4 6 1
85 0
3 3 1 1
1 7 0
F i g u r e  3 .3 5  B . G C G  g a p  c o m p a r is o n  i l lu s tr a te s  th e  s e q u e n c e  s im i la r i ty  o f  C p l  t o  S. pombe
g e n e  s e q u e n c e  (S P S E Q B ).
G ap W e ig h t :  5 .0 0 0  A v e r a g e  M a tc h :  1 .0 0 0  
L e n g th  W e ig h t :  0 .3 0 0  A v e r a g e  M is m a tc h :  0 .0 0 0
P e r c e n t
Q u a l i t y :  2 9 5 .7  L e n g t h :  943  
R a t i o :  0 .5 9 1  G a p s :  4 
S i m i l a r i t y :  8 4 .3 9 2  P e r c e n t  I d e n t i t y :  7 7 .7 7 8
s p s e q b  x  c p l . g c g
2 6 7 0 .........................................GAGGTCGACGGTATCGATAAGCTTGA............ TAT
1 II 1 1 | | | . | | M l | |
2 6 9 8
1 0 1
1111 1 I l l ' l l  I I I  II
CCGACCACCCTGGGAACTGGTCCTCACCACCAANATGAGTGAATCACTAA 1 5 0
2 6 9 9 CGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGCCGCCACCG
l l l l l l  1 i l l  I I I  II 1 1 1 1 : II  I I I  II
TGAATTCGCGGCCGCCTGCAGGTCGACCA. . TATGGGANAGCTCCCAACG
2 7 4 8
151 1 9 8
2 7 4 9 CGGTGGAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTT 
1 1 1 II 1 1 1 1 1 1 II 1 1 1 1 * 1 1  1 1 * 1  II 1 1
2 7 9 8
199
l l l l l l  1 1 1 1 1 II M i l ' l l  1 1 ' 1 1 1 1 1
CGTTGGATGCATAGCTTGAGTATTCTATANTGTCACCTANAT.. . AGCTT 2 4 5
279 9 GGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCA 2 8 4 8
246
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1
GGCGTAATCATGGTCATAGCTGTNTCCTGTGTGAAATTGTTATCCGCNCA 2 9 5
2 8 4 9 CAATTCCACACAACATAGGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGT 2 8 9 8
296
1 1 1 1 1 1 1 1 1 1 1 • 1 • 1 1 1 • 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 • 1 1 1 • 1 1 1 1 1 1 1 ' 1 1 1 
CAATTCCACACNANATACNAGCCGGAAGCATAAANTGTNAAGCCTGNGGT 3 4 5
289 9 GCCTAATGAGTGAGGTAACTCACATTAATTGCGTTGCGCTCACTGCCCGC 2 9 4 8
3 4 6
1 1 1 ' 1 1 1 1 1 1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ' 1 1 1 1 1 1 1 1 1 1 1 1
GCCNATTGAGTGAGCCANCTCACATTAATTGCGTTGCNCTCACTGCCCGC 3 9 5
2 9 4 9 TTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAAC 2 9 9 8
396
11111 h i  h i  11111 h i  1 M  11111111 M  1 1 1 111111  l l l l l l
TTTCCANTCNGGAAACCNGTCNTGCCAGCTGCNTTAATGAATCTGCCAAC 4 4 5
2 9 9 9 GCGCGGGG. AGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCT 3 0 4 7
446
l l l l l l l l  1 1 1 1 1 1 1 1 1 1 1 1 1 1 h : 1 1 1 1 : 1 1 1 1 1 1 h  1 I I 1111111
GCGCGGGGTACAGGCGGTTTGCGTANNGGGCNCTCTTCCNCTTCCTCGCT 4 9 5
3 0 4 8 CACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTC
I MI I
3 0 9 7
496
1 1 • 1 1
CANTG....................................................................................................................... 5 0 0
1 7 1
Due to the high homology of both Cpl and Bp4 to S. p o m b e  (Accession no. L25928), the 
question as to whether the two sequences are related was investigated. GCG gap comparison 
of the two gene sequences, resulted in an 82 %  similarity, demonstrating that the sequences 
are closely related (Figure 3.36). This was further established with alignment of 44 - 523 
(Cpl) and 51 - 515 (Bp4) nucleotides resulting in an almost continuous homology between 
this region (highlighted in blue, Figure 3.36).
1 7 2
F ig u r e  3 .3 6 . G C G  G ap  c o m p a r is o n  o f  C p l  an d  B p 4  a lig n ed  n u c le o tid e  s e q u en c e s .
Q u a l i t y :  6 8 6 . 8  L e n g t h :  9 1 8  
R a t i o :  0 . 7 6 4  G a p s :  7  
P e r c e n t  S i m i l a r i t y :  8 2 . 4 6 6  P e r c e n t  I d e n t i t y :  6 5 . 2 7 1
c p l g c g  x  b p 4 . g c g
c p l 1 . . . . N C C C C C C C T T T T N C C A C C A T T T G C C C G G . . . C T T N A N G G C C C G A T T
. i i i  i M  M  l * 1 1 1 1  i i i i  i 1 1 * 1 1 1 1 1  i l l
4 3
b p  4 1
• M l !  M M !  M M !  1 1 I I  1 I I  • I I  1 1 1 I I I  
T T T T C C C C C A C C T T T G C C C A C T T A T A G G C C C G G C T T T T A A N G G C G C G A C G 5 0
c p l 4 4 T N N C A T G C N C C C G G C C G N A A N G G C G G C C N T G G G A A T T C G A T T A T A C G G G T 9 3
|| ; :  |M : t  1 : ! : 1 1 j | : 1 : ! i 1 i t f  M  1 1 M  l !• 1 1 i I ' . M 1 i M  1 1
b p  4 5 1 T C G C A N G C C C C C G G C C G A A A T G G C G G C C N T G G G A A T T C G A T T A T A C G G G T 1 0 0
c p l 9 4 G G A A C C A C C G A C C A C C C T G G G A A C T G G T C C T C A C C A C C A A N A T G A G T G A A 1 4 3
f f i i t i l f l l f l l  i i  i 1 1 11 i i  i l i u m  H H
b p  4 1 0 1 G G A A C C A C C G ..................................................A C G C G C C C T C A C C A C C A A N A T G A G T G A A 1 3 8
c p l 1 4 4 T C A C T A A T G A A T T C G C G G C C G C C T G C A G G T C G A C C A T A T G G G A N A G C T C C 1 9 3
Ii i 1 1 1 1  i i  r i i  N  1 1 1 1 1  i i  1 1  i i  1 1 1 1 1 1 1 1  i i  1 1 1 1 1 1 1 1 1 1 1 1 1 1 1|
b p  4 1 3 9 T C A C T A T T G A A T T C G C G G C C G C C T G C A G G T C G A C C A T A T G G G A N A G C T C C 1 8 8
c p l 1 9 4 C A A C G C G T T G G A T G C A T A G C T T G A G T A T T C T A T A N T G T C A C C T A N A T A G C 2 4 3
|i I I 1 l 1 1 ! 1 1 : 1 I I  1 1 1 1 1 1 I I  : 1 1 1 .1 1 I I  1 1 1 1 : 1 1 M  : I I I  1 : 1 1 1 I II
b p  4 1 8 9 C A A C G C G T T G G A T G C A T A G C T T G A G T A T T C T A T A G T G T C N C C T A A A T A G C 2 3 8
c p l 2 4 4 T T G G C G T A A T C A T G G T C A T A G C T G T N T C C T G T G T G A A A T T G T T A T C C G C N 2 9 3
|l 1 1 1 1 1 1 1 1 1 I I  1 ! I l l  I I I  1 1 1 1 1 : I I  1 : 1 1 1 1 1 1 1 1 I I  i 1 1 1 1 1 M i l  :|
b p  4 2 3 9 T T G G C G T A A T C A T G G T C A T A G C T G T T T C C N G T G T G A A A T T G T T A T C C G C T 2 8 8
c p l 2 9 4 C A C A A T T C C A C A C N A N A T A C N A G C C G G A A G C A T A A A N T G T N A A G C C T G N G 3 4 3
|  1 I I  I I  i 1 I I I  i 1 : 1 !  I m  ! 1 M  G i l !  I I  I I  I I  l i  1 : li
b p  4 2 8 9 C A C A A T T C C A C A C N A C A T A N N A G C C G G A A N C A T A A A N T G T N A A G C C T G G G 3 3 8
c p l 3 4 4 G T G C C N A T T G A G T G A G C C A N C T C A C A T T A A T T G C G T T G C N C T C A C T G C C C 3 9 3
||; | ( | | : : : | | | , | ; : 1 1 | 1 1 I I  : 1 G l  1 1 1 M  1 1 : 1 M  1 1 I 1 M  l|
b p  4 3 3 9 G T G C C T A N T G A N T N A T C T A A C T C A C A T N A N T T G C G T T G C G C T C A C T G N C C 3 8 8
c p l 3 9 4 G C T T T C C A N T C N G G A A A C C N G T C N T G C C A G C T G C N T T A A T G A A T C T G C C A 4 4 3
1 1 1 1 1 1 1 1 i 1 1 • 1 1 1 1 I 1 1 1 I t  1 m  I I :  I 1 1 :  M  . I : 1 | 1 M i l l -
b p  4 3 8 9 G C T T T C C A N T C G G G A A A . C N G T C C T N C C A N C T G N A T T A N T G A T T C T G C C N 4 3 7
c p l 4 4 4 A C G C G C G G G G T A C A G G C G G T T T G C G T A N N G G G C N C T C T T C C N C T T C C T C G 4 9 3
|| | | M i l  | | | | • ( | :  1 I I I I I : : :  1  1 : :  1 1 I I U - l  1 1 1 i t  | :|
b p 4 4 3 8 A C T C C C G G G G . A G A G G C G G N T T G C G T N T T G G G N G C T C T T C C N C T T C C . C N 4 8 5
c p l 4 9 4 C T C A N T G A C T C T C N G C G C T C G G T C G T T C G G C T G C G G N N A T C N G T A T C N T C 5 4 3
b p  4 4 8 6 C T C A C T N A T T C N C T G C N C T C G G N C N T T C G G T T N N C G C G T A N C G G T N T C C N 5 3 5
c p l 5 4 4 T C T C T C A N A G G N N N G C N A T A C C G T T A T C . . C C A N A T T C T C G G G A T N N C C C 5 9 1
b p 4 5 3 6 C C C C C T T T A N N G C G G T A T N A C T G T T N T C C A C N C A A T C C T G G G A T T T C C C C 5 8 5
1 7 3
There are distinct similarities between Cpl and Bp4 sequence lengths and positions in relation 
to their alignment to the EMBL sequences generated from the Fast A search. Table 3.3.1 
illustrates where core regions within both sequences are highly homologous to the EMBL test 
sequences. These core regions of high homology are clearly highlighted in blue.
1 7 4
Position and Lengths of Core Position and Lengths of Core
Regions with Highest Regions with Highest
Sequence Similarity Sequence Similarity
Name and Accession EMBL Length 12C No. of bp % EMBL Length Bb24 No. of bp %
Description number Position Position Matches Similarity Position Position Matches Similarity
S. pombe (clone 
pJK210) DNA L25928 2795..3081 287 242..529 258 89.8 2794-3075 282 235-517 242 85.8
S. pombe (clone 
pJK148) DNA L25927 3106..3392 287 242..529 258 89.8 3104-3384 281 235-517 241 85.7
S. cerevisiae CUP1
U37457 3326..3612 287 242..529 258 89.8 3327-3605 282 240-521 243 86.0
Candida sp. CIP1
gene Y13973 1037..1310 274 255..529 245 89.0 1034-1300 270 245-513 230 85.0
S. pombe rAD17
gene X91889 5282..5480 223 244..470 195 87.0 5277-5441 165 260-423 145 87.8
Pichia pastoris
Z46234 5926-5981 56 474..529 51 91.0 5926-5968 61 467-527 48 78.7
Pichia pastoris
Z46232 5913..5968 56 474..529 51 91.0 5915-5976 61 474-526 47 77.0
Pichia pastoris
Z46233 4673..4728 56 474..529 51 91.0 4676-4736 61 467-527 47 77.0
Pichia pastoris
Z46231 4660..4715 56 474. 529 51 91.0 4663-4723 61 464-526 47 77.0
S. cerevisiae BI03
and BI04 genes U53467 4398..4502 105 241..345 96 91.0 4395-4498 105 235-340 97 92.0
Table 3.3.1. Position and lengths of core regions found in Cpl and Bp4 with high homology to fungal database sequences.
Due to this high homology of core regions found in each of the EMBL: fungal sequences, a 
further search of the STS database was initiated to eliminate the possibility that the sequences 
for Bp4 and Cpl were derived from the actual vector DNA (refer to Appendix K, K7). Table
3.3.2 summarises the results STS search. It clearly illustrates a high homology of Cpl and 
Bp4 sequences to a number of plasmid cloning vectors with the occurrence of core regions of 
homology (Table 3.3.3). The highest similarity of 74 % in a 673 nt overlap and 72 % in a 699 
nt overlap to Bp4 and Cpl respectively were to the following: pGEM-5zf (+), accession 
number - X65309; pGEM-5zf (-) accession number - X65311 and pSG928, accession number 
-U14121.lt became apparent the sequences cloned for the S e r p u l a  species could in fact be 
sections of the plasmid vector, pGEM-T.
This might also explain why there was a high percentage similarity to the S .  p o m b e  
(Accession no. L25928) gene sequence as the region of highest homology corresponds to the 
region which is homologous to the plasmid vector illustrating that the cloned S .  p o m b e  
product by Keeney and Boeke, (1994) has part of the plasmid vector sequenced.
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P e r c e n t a g e  H o m o lo g y
Name a n d A c c e s s i o n C p l  P e r c e n t a g e Bp4 P e r c e n t a g e  H o m o lo g y
D e s c r i p t i o n n u m b e r H o m o lo g y  i n  a  
N u c l e o t i d e  O v e r l a p
i n  a  N u c l e o t i d e  O v e r l a p
p G E M -5 z f(+) X65308 74 % identity in a 673 72 % identity in a 699
v e c t o r nucleotide overlap nucleotide overlap
p G E M -5 z f(-) X65309 74 % identity in a 673 72 % identity in a 699
v e c t o r nucleotide overlap nucleotide overlap
pSG 928 c l o n i n g U14121 74 % identity in a 673 72 % identity in a 699
v e c t o r nucleotide overlap nucleotide overlap
p G E M -7 z f(-) X65311 73 % identity in a 647 71 % identity in a 673
v e c t o r nucleotide overlap nucleotide overlap
p G E M -7 z f(+) X65310 73 % identity in a 647 71 % identity in a 673
v e c t o r nucleotide overlap nucleotide overlap
L i g a t i o n 73 % identity in a 647 71 % identity in a 673
i n d e p e n d e n t U25268 nucleotide overlap nucleotide overlap
v e c t o r
L i g a t i o n 73 % identity in a 647 71 % identity in a 673
i n d e p e n d e n t U25272 nucleotide overlap nucleotide overlap
v e c t o r
pSG 929 U14119 73 % identity in a 647 71 % identity in a 673
v e c t o r nucleotide overlap nucleotide overlap
pLV H -1 AF041426 71 % identity in a 688 69 % identity in a 712
v e c t o r nucleotide overlap nucleotide overlap
pSG 930 U14118 70 % identity in a 708 68 % identity in a 734
v e c t o r nucleotide overlap nucleotide overlap
Table 3.3.2. Comparison of sequence homologies from Fast A STS Genbank search to Cpl 
and Bp4.
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Position and Lengths of Core 
Regions with Highest 
Sequence Similarity
Position and Lengtl 
Regions with H  
Sequence Simil
is of Core
ighest
arity
Name and 
Description
Accession
number
EMBL
Position
Length C pl
Position
No. of bp 
Matches
%
Similarity
EMBL
Position
Length Bp4
Position
No. of bp 
Matches
%
Similarity
pGEM-5zf(+) X65308 61..431 371 158..529 341 91.9 61..425 365 153..515 324 88.7
vector
pGEM-5zf(-) X65309 61..431 371 158..529 341 91.9 61..425 365 153..515 324 88.7
vector
pSG928 U14121 713..1083 371 157..528 340 91.0 714..1078 365 153..515 324 88.7
cloning vector
pGEM-7zf(-) X65311 84. .429 345 184..529 315 91.0 84..422 339 179..515 298 87.9
pGEM-7zf(+) X65310 84..429 345 184..529 315 91.0 48..422 339 178..515 298 87.9
Ligation
independent U25268 117..461 345 184..529 315 91.0 117..455 339 179..515 297 87.6
vector
Ligation
independent
vector
U25272 117..461 345 184..529 315 91.0 117..455 339 179..515 303 89.4
pSG929 U14119 737.. 1081 345 184..529 315 91.0 737.. 1075 339 179..515 255 75.0
pLVH-1 AF041
426
4916..5251 336 193..529 306 91.0 4912..5245 333 184..515 291 87.0
pSG930
vector
U14118 759.. 1083 325 204..529 296 91.0 759.. 1077 319 199..515 281 88.0
Table 3.3.3. Position and lengths of core regions found in Cpl and Bp4 with high homology to STS database sequences.
*3.5.5 Summary and Concluding Remarks.
The expression of specific hsp70 mRNA was analysed by RT-PCR followed by cloning and 
sequencing of the reaction products for identification. Successful identification of the A .  
b i s p o r u s  control was achieved, but the sequences generated from the reaction products of 
Bb24 and 12C were not conclusively identified as part of an hsp70 gene sequence.
The use of PCR for the analysis of RNA’s is not as commonly used as DNA amplification, 
partly due to other methods of RNA analysis can be quantified, while PCR in this instance can 
only provide information on the presence or absence of a given sequence. Quantitative PCR 
has limitations, partly due to the final PCR product is derived from the exponential 
amplification of the starting template, hence minor differences in amplification efficiencies 
can result in large differences in product yield, especially if the starting template is low. A 
linear relationship between starting template and PCR product within the exponential range of 
amplification can be observed.'This relationship is dependent on sample preparation, thermal 
cycler performance and inhibitors, which is especially critical in RT-PCR. To overcome 
sample - to sample variation use of internal controls have been developed (Amheim and 
Erlich, 1992; Bouaboula et. al. 1992; Delidow et. al. 1989; Gilliland et. al. 1990), such as the 
‘house-keeping* gene, GAPDH that allows comparison and normalisation of expression levels 
(Baier et. al. 1993). Semi-quantification can be achieved by further modifications of the 
procedure: optimising DNase removal of contaminating DNA from RNA samples (Huang et. 
al. 1996), as contaminating DNA can produce incorrect results because of its potential to act 
as a second competitor; modification of reaction conditions by optimising annealing 
temperatures, as this is a primer dependent step; varying dilution’s of RNA produce 
proportional changes in the PCR-amplified product (Delidow et. al. 1989). This latter step was 
clearly seen when initial experiments were set out to determine the optimum dilution of A .
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b i s p o r u s  mushroom RNA treated and untreated with DNase, as shown in Figure 3.24. This 
problem can be eliminated in theory by treating samples with DNase, but precise reaction 
conditions are required. The most effective removal of this problem is again the crucial design 
of the primers. By choosing primers that span introns, the length of the amplified region 
differs for the genomic DNA and mRNA. This was clearly demonstrated when comparing the 
size of the genomic and cDNA products illustrated in Figure 3.27.
Through a systematic search of the Gene Databases, close comparisons were made to S .  
p o m b e  (clone pJK210) DNA sequence, accession number - L25928 with a 66.8 %  identity in 
723 nt overlap and 74 % identity in 562 nt overlap for Bp4 and Cpl respectively (FastA 
search results, Table 3.2.9). There was no clear indication to the identity of Cr4, 12C cDNA 
product as the database searches resulted in no high percentage similarities to any sequences 
(FastA results, Table 3.3.0). Further search of the STS database highlighted sequence 
similarities to a number of plasmid vectors: pGEM-5zf (+), accession number - X65309; 
pGEM-5zf(-) accession number - X65311 and pSG928, accession number - U14121 all 
having a 74 % similarity in a 673 nt overlap to Bp4 and 72 % in a 699 nt overlap to Cpl 
respectively. The probability of having sequenced part of the pGEM-T vector rather that the 
inserted fragment is high and further cloning will have to be done to establish the identity of 
the amplimers generated from RT-PCR and PCR experiments.
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3.4 The Detection and Identification of AMP-Activated Protein Kinase in 
S e r p u la  Species.
The primary aim of this investigation was to detect immunologically the presence of a 
possible AMP-activated protein kinase (AMPK) fungal homologue in S e r p u l a  species, by the 
use of anti-AMPK polyclonal antisemm raised against the rat AMPK protein, isolated from 
liver extracts. Positive identification of an appropriate antigen would allow for activity to be 
investigated using an assay system developed by Dr. S. P. Davies at the Department of 
Biochemistry, University of Dundee. The polyclonal antiserum and respective control protein 
used in this study were also kindly donated by Dr. Davies.
Figure 3.37 A - D illustrates the detection of an AMPK homologue in the intracellular extracts 
of Bb24 only (Blot A). No apparent signal is seen for 12C, although a band running at 
approximately 41.7 kD is detected (Blot B and lanes 4 - 5 in Blot C). An antigenic signal (67 
kD) is detected in all of the Bb24 extracts with the exception of the control (Train C) and the 
resultant recovery (lane 8 and 10 respectively). The antigenic signal also appears to be of a 
slightly higher molecular weight to the control protein (Blot D). It has been demonstrated that 
AMPK is expressed only during periods of stress (Refer to Introduction). This can be clearly 
demonstrated for Bb24 cultures exposed to Train C (control) treatment regimes. During stress 
free periods, stimulated by optimum conditions, no AMPK is detected (lane 8, Blot A). When 
cultures are exposed to extreme heat treatment (lane 9), a positive signal is detected which 
disappears when cultures are placed back into optimum conditions (lane 10). This observation 
of an antigenic signal occurring in Bb24 but not 12C intracellular extracts is similar to that 
observed in the immunological studies (Section 3.2) to detect homologues of hsp60 and 70 i n
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v i v o  by polyclonal antibodies (Figures 3.15 B and 3.17 B) and MAb’s (Figures 3.18 and 3.19 
B).
AMPK can easily be used as a marker to identify periods of stress, in this case heat. The 
primary role AMPK has in eukaryotic cells under stress is to protect the ATP pools for crucial 
‘house-keeping’ activities. This possibly allows the cell to survive these periods of stress.
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A B
1 2 3 4 5 6 7 8 9  10 1 2 3 4  5 6 7 8 9  10
AMP^ Tr   ^ HS  ^ R  ^ Tr   ^ HS  ^ R  ^ Tr   ^ HS  ^ R  ^  ^AMP  ^ Tr   ^ HS  ^ R  ^ Tr   ^ HS  ^ R  ^ Tr   ^HS  ^ R
K Train A Train B Train C K Train A Train B Train C
D
97.4 kD— 
66 kD—
p63— 1
48.5 kD—
feft------97.4 kD
------ 66 kD
-  — 48.5 kD
29 kD-----<mm m m -----29 kD
<—■ ► ------ 14.3 kD
1 2 3 4 5 6 7 8 9  1 2 3 4 5
U m P^  MW I I Tr I HS  ^ R  ^ Tr L s   ^ R  ^  ^MW ^AMP  ^ ^Tr b L w  ^
K 12C Train B Bb24 Train B K Bb24
F ig u r e  3 .3 7  A  - D. ECL Western blot analysis for the detection of AMPK in Bb24 and 12C 
intracellular extracts of cultures which have undergone various temperature regimes using 
1:4000 dilution of anti-odPAN polyclonal antiserum. Samples were equalised for total protein 
content of 6 pg. Blot D was set out by Dr. S. P. Davies. Refer to Figure 3.15 A and B for 
legend information for (A) and (B).
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Lane 1 on both blots (A and B) - 3.6 jig of AMP-K control protein (purified from rat liver).
(C) Lane 1 - AMPK, 3.6 |ig of AMP-K control protein (purified from rat liver). Lane 2 - MW, 
rainbow high molecular weight markers in the range of 14.3 - 222 kD (Amersham 
International pic.). Lane 4 - 6  represent 12 Train B cultures lane 4 - Train B; lane 5 - extreme 
heat treatment; lane 6 - recovery. Lane 7 - 9  represent Bb24 Train B cultures: lane 7 -Train B; 
lane 8 - extreme heat treatment; lane 9 - recovery.
(D) Lane 1 and 5 - MW, high molecular weight standards range 29 - 97.4 kD (Sigma, cat. 
M5505). Lane 2 - AMPK, 3.6 pg of AMP-K control protein (purified from rat liver). Lane 4 - 
Bb24, Train B.
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After the preliminary identification of cross-reactive material in the immunological study, the 
next question as to whether whole fungal cell extracts showed AMPK activity was 
investigated. The simple and sensitive assay developed by D p . Davies utilised a synthetic 
peptide, which is based on the exact amino acid sequence around the unique site (Ser79), 
which is phosphoiylated exclusively by AMP-activated protein kinase. Using a synthetic 
peptide substrate based on this sequence kinase activity was determined. No activity was 
measured in any of the intracellular extracts of Bb24 and 12C tested (data not shown), 
indicating that the enzyme was either denatured, inactive or levels of activity were too low to 
be detected.
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3.5 Neutral Trehalase Activation and Trehalose Mobilisation During the Heat- 
Shock Response.
The  rem arkable property  o f  the  trehalose m etabolising  system  is its constan t read iness fo r an 
alm ost instantaneous ad justm ent o f the trehalose level in  eukaryotic cells. T he link  betw een 
increased levels o f  trehalose and elevated levels o f  stress tolerance o r therm oto lerance has 
been dem onstrated  in a  num ber o f  eukaryotic studies (A ttfield , 1987; H ottiger et. al., 1987a; 
D e V irg ilio  et. al., 1990; P anek  and Panek, 1990; S tyrvold  and S trom , 1991). T he large 
am ount o f  trehalose accum ulated  under these conditions have been  show n to  b e  rapidly  
degraded by  neutral trehalase w hen the cells are sh ifted  back  into optim um  tem perature 
conditions (Thevelein, J. M ., 1984c; D e V irgilio  et. al., 1991b).
T he m ain  aim s o f the experim ents included in this section w ere:-
( i )  T o  determ ine w hether there is a  d irect correlation betw een elevated tem peratu res and 
increased levels o f  trehalose in  cultures o f  S. lacrym ans  and S. him antioides.
(ii) T o  determ ine i f  a  transien t increase in trehalose is correlated  w ith  induced  
therm otolerance.
(iii) T o  investigate the  possib le  ro le  o f  neutral trehalase in  trehalose m etabo lism  during  the 
heat-shock  response, by  m onitoring the  levels o f  trehalase activ ity  du ring  sublethal, 
extrem e and recovery phases.
( iv )  T o  investigate the  rela tionship  betw een trehalose accum ulation during  ex trem e heat 
treatm ent and neutral trehalase  activity during the recovery  period.
T he follow ing sub-sections outline  the sum m ary o f  resu lts fo r the analysis o f  treha lo se  and its 
degradative enzym e trehalase in trained and untrained  cu ltures o f bo th  12C and  B b24 .
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3.5 .1  T h e  C o m p a ra tiv e  A n a ly sis  T re h a lo se  A c cu m u la tio n  in  C o n tro l  a n d  T r a in e d  1 2C  a n d  
B b24  c u ltu re s .
Tables 3 .3 .4  A  and B  sum m arises the  effects o f sublethal tra in ing  on  cu ltures o f  B b24  and 
12C. T here  are d istinct d ifferences betw een the level o f trehalose p resen t in the  tw o species. 
T hese are clearly  illustra ted  in  F igure  3.38.
T a b le  3 .3 .4  A  and  B . A ccum ulation o f  trehalose in  tra ined  (T rain A  and  B ) and  con tro l (T rain
C) cu ltures o f  B b24 and 12C respectively, as percentage o f  dry w eight. A verage o f  5 rep licate  
±  standard  deviation.
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Figure 3.38 illustrates the distinct differences between Bb24 and 12C with respect to trehalose 
accumulation. Overall the levels o f trehalose for trained (Train A and B) and control (Train C) 
cultures are higher in 12C compared to Bb24. This is clearly demonstrated in control 12C 
cultures with approximately 4.8 times greater level o f trehalose present than in Bb24 control 
cultures. Differences in the effect o f  sublethal training between the two species is also apparent 
with the greatest increase in 12C Train A cultures, percentage dry weight o f 11.97 compared 
to the value o f 4.8 for Bb24. This difference is not only reflected between the species but 
within the individual training regimes applied to each species. There is approximately 2.3 fold 
increase in the level o f trehalose in 12C Train A to that o f  B cultures (Table 3.3.4 B). The 
opposite o f this occurs in Bb24 cultures, with the highest value o f 6.2 % and slightly less, 4.8 
% for Train B and Train A respectively.
A ve ra g e  % Dry W e ig h t of T reha lo se  in Bb24 and  12C C u ltu res  
Exposed to S u b le th a l T e m p e ra tu re  R eg im es.
Training Regimes
Figure 3.38 Accumulation o f trehalose in Bb24 ( J | ) and 12C (■ ) Trained (A and B) and 
control (C) cultures.
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T he fo llow ing  Sections 3 .5 .2  and 3.5.3 sum m arise the  changes in  trehalose accum ulation  
during sublethal, extrem e and recovery  regim es in B b24  and 12C cultures. T his w as achieved 
by sam pling  at appropriate in tervals throughout the  tim e course  o f  the  various tem perature  
regim es im posed, thus enabling  a system atic analysis o f  these changes.
3 .5 .2  T h e  D e tec tio n  a n d  A n a ly sis  o f  T re h a lo se  in  B b 2 4  C u ltu re s  S u b je c te d  to  S u b le th a l 
(T ra in e d ) , E x tre m e  a n d  O p tim a l (T ra in  C ) T e m p e ra tu re  R eg im es.
T able 3.3.5 sum m arises the  changes in  trehalose present in  T rain  A , B  and con tro l (T rain  C) 
cultures o f B b24  subjected to  extrem e heat treatm ent and recovery  periods.
Temperature Time Trehalose % Dry W eight
Regime (hrs) Train A Train B Train C
Train 0 4.8 ± 0.8 6.2 ± 1.3 1.4 ± 0 .5
0.5 4.3 ± 0.2 7.4  ± 1.3 1.6 ± 0 .6
1 3.6 ± 0.3 7 .7  ± 1.0 1.8 ± 0 .5
Extreme 1.5 3.4 ± 0.4 7 .2  ± 2 .1 3.2  ±  1.3
2 3.3 ± 0.5 7 .2  ± 0.9 3.9  ± 2 .0
2.5 5.9 ±  0.4 6 .2  ± 0.9 3.5  ±  0.8
3 5 ± 0.6 4 .6  ± 0 .9 3 .7  ±  0.8
3.5 5.5 ± 0.3 4.3  ± 0 .6 1.1 ± 0 .2
4 7.3 ± 1.3 4 .0  ± 1.1 1.6 ± 0 .7
4.5 8.8 ± 1.4 5.5  ±  1.0 2 .3  ±  1.1
Recovery 5 5.3 ±  2.0 4.9  ± 1 .4 2.6  ±  0.7
5.5 **** **** ****
6 **** **** 3.1 ± 0 .7
23 3.8 ± 0.2 1.9 ± 1.1 ****
24 3.5 ± 0..5 2 .2  ± 1.2 4 .4  ± 1 .8
T a b le  3 .3 .5 . T rehalose accum ulation in  B b24 trained (T rain A  and  B ) and  con tro l (T rain  C ) 
cultures. D a ta  represents the  average o f  5 replicate ±  standard  deviation . T he tim e cou rse  o f  0  
to  24  h r relates to  the  designated sam pling tim es during the various tem peratu re  reg im es used: 
starting  at 0  h r fo r the end  o f  a  sublethal training period; 0.5  - 3 h r  fo r sam pling  during  
extrem e heat treatm ent; 3.5 - 24  h r sam pling in the  recovery period .
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Overall the comparative analysis o f  the changing levels o f  trehalose present in Train A, B and 
C cultures summarised in the above Table 3.3.5, demonstrates a number o f points, which are 
clearly illustrated in Figure 3.39.
Trehalose Accummulation In Trained and Control 
Cultures of Bb24
♦  Train A 
■ Train B 
A  Train C
Time (hr)
Figure 3.39. Percentage dry weights o f trehalose for Bb24 Train A, B and C cultures which 
have undergone extreme heat treatment and recovery periods. Cultures (replicates o f  5) were 
harvested every 30 mins during imposed temperature regimes. Train A: 0 hr, harvested cultures 
after exposure to 28 °C/ 48 hr; 0.5 - 2 hr period, Train A cultures harvested during exposure to 
extreme heat treatment (40 °C/ 3 hr); the period between 2.5 - 24 hr, cultures harvested during 
the recovery period (25 °C/ 24 hr). Train B: 0 hr, cultures harvested after exposure to 30 °C/ 
4 8 h r ; 0 . 5 - 2 h r  period, Train B cultures harvested during exposure to extreme heat treatm ent 
(40 °C/ 3 hr); the period between 2.5 - 24 hr, cultures harvested during the recovery period (25 
°C/ 24 hr). Train C: 0 hr, control cultures harvested after exposure to 25 °C/ 24 hr; 0.5 - 2 hr 
period, control cultures harvested during exposure to extreme heat treatment (40 °C/ 3 hr); the 
period between 2.5 - 24 hr, cultures harvested during the recovery period (25 °C/ 24 hr).
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Firstly , there  is increased  levels o f  trehalose p resen t in  Train A  and B  sam ple  betw een  0  - 1 h r 
com pared  to  the ir control counterparts (Train C). Secondly, T rain  B , B b24  cu ltu res clearly  
dem onstrate  an overall increase in  levels o f  trehalose during extrem e h ea t trea tm en t (0 .5  - 3 
hr), w ith  the  h ighest value at 1 h r  o f  7.7 %. There  is a  gradual decrease in  levels o f trehalose 
p resen t in  the  first few  hours o f  recovery  ( 3 .5 - 5  hr), w ith  a  sligh t increase  occurring  at 4 .5  h r  
w hich again  falls to  a  value o f  2 .2  % at the end  o f  the  recovery period  (24  hr). Third ly , T rain  C  
cu ltures dem onstrate an overall increase in the  levels o f  trehalose during  exposu re  to  extrem e 
heat treatm ent, betw een 0.5 - 3 hr. A fter w hich the levels decrease dram atically  from  3.7  to  1.1 
%  a t the  beginning o f the recovery period (3.5 hr). A fter 1 h r in recovery  (4 h r  period , F igure 
3.39), the  levels start to  gradually  rise  again to  a  m axim um  o f  4 .4  %  a t 24  hr. Lastly , T rain  A  
cultures reveal a different trend  com pared to  those o f  T rain  B and C  cu ltu res. T here  is an 
increase in trehalose levels starting during extrem e heat treatm ent, w hich  con tinues through 
the recovery  period and peaks at 4 .5  h r w ith a  value o f  8.8 %, after w hich levels decrease to
3.5 % at 24  hr.
C om parison  o f  trehalose levels betw een the respective Train A  and B cu ltu res, illustra tes that 
incubating  cultures at sublethal tem perature o f  30 °C fo r 48 h r (T rain B ) has  th e  g rea test effect 
on trehalose  production during ex trem e heat treatm ent, w ith a  decrease du ring  recovery . B u t 
cu ltures incubated at 28 °C fo r 48  h r  (T rain A ) exh ib it trehalose p roduction  du ring  recovery  
w ith  a  substantial increase in the  first hour (3.5 - 4 .5  h r periods, F igure  3.39).
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3.5.3 T h e  D e tec tio n  a n d  A n a ly s is  o f  T re h a lo se  A c c u m u la tio n  in  12C  C u ltu re s  S u b je c te d  to  
S u b le th a l (T ra in  A  a n d  B ), E x tre m e  a n d  R eco v e ry  T e m p e ra tu re  R eg im es.
12C cultures exposed  to  the  various training, extrem e heat treatm ent and recovery  periods, 
w ere also m onitored fo r changes in  the  levels o f  trehalose. Table  3.3 .6  sum m arises the resu lts 
obtained fo r 12C T rain  A , B and  C cultures.
Temperature Time % Dry W eight of Trehalose
Regime (hrs) Train A Train B Train C
Train 0 11.97 ±  1.61 5.18  ±2 .4 1 6.73 ± 1.34
0.5 8.72 ± 2.65 4.57  ± 1.01 6.62 ± 0.56
Lethal 1 14.56 ± 5 .1 4 3.55 ± 0.69 6.85 ± 1.57
1.5 14.95 ± 2 .5 5 3.21 ± 2.41 8.27 ± 0 .88
2 13.88 ±2 .5 1 3.08  ± 0.59 9.61 ± 4 .1 8
2.5 14.16 ± 3 .4 6 3.21 ± 0.60 8.24 ± 1.65
3 12.11 ±  1.81 2.69 ± 0.40 10.63 ± 4 .5 0
3.5 12.76 ± 2 .9 8 0.82  ± 0.27 7.49 ± 3 .64
Recovery 4 12.92 ± 3 .0 7 1.08 ± 0.70 7.04 ± 1.67
4.5 14.50 ± 3 .2 4 1.03 ± 0.62 7.10  ± 1 .7 3
5 13.02 ± 1.54 1.37 ± 1.02 ****
5.5 14.67 ± 1.7 **** ****
24 15.03 ± 2 .5 2.01 ± 1.45 4.16 ± 1.93
T a b le  3 .3 .6 . T rehalose accum ulation in 12C tra ined  (T rain A  and  B ) and con tro l (T rain  C ) 
cultures. A verage o f  5 rep licate  ±  standard deviation. T he tim e course  o f  0  to  2 4  h r  re la tes to  
the designated sam pling  tim es during  the various tem perature regim es used: s tarting  a t 0  h r  fo r  
the  end  o f  a  sublethal tra in ing  period; 0.5 - 2  h r fo r sam pling  during  extrem e h e a t treatm ent; 
2.5 - 24  h r sam pling in  the  recovery  period.
The com parative analysis o f  the  changing levels o f  trehalose p resen t in  T rain  A , B  and  C  
cultures sum m arised in  th e  above Table 3.3.6, dem onstrates a  num ber o f  po in ts , w h ich  are 
clearly  illustrated  in  F igure  3.40.
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Trehalose AccunmuSatioo in Tra ined and Control 
Cultures o f 12C
Tim e (hr)
+ Train A 
■ Train B 
A Train C
F ig u re  3 .4 0 . Percentages dry weight o f trehalose in 12C Train A, B and C cultures which have 
undergone extreme heat treatment and recovery periods. Cultures (replicates o f  5) were 
harvested every 30 mins during imposed temperature regimes. Train A: 0 hr represents Train A 
cultures harvested after exposure to 28 °C/ 24 hr; 0.5 - 2 hr period, Train A cultures harvested 
during exposure to extreme heat treatment (40 °C/ 2 hr); the period between 2.5 - 24 hr, 
cultures harvested during the recovery (22 °C/ 24 hr). Train B: 0 hr, Train B cultures harvested 
after exposure to 25 °C/ 48 hr; 0.5 - 2 hr period, Train B cultures harvested during exposure to 
extreme heat treatment (40 °C/ 2 hr); the period between 2.5 - 24 hr, cultures harvested during 
the recovery period (22 °C/ 24 hr). Train C: 0 hr, control cultures harvested after exposure to 
22 °C/ 24 hr; 0.5 - 2 hr period, control cultures harvested during exposure to extreme heat 
treatment (40 °C/ 2 hr); the period between 2.5 - 24 hr, cultures harvested during the recovery 
period (22 °C/ 24 hr).
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As w ith  B b24  there  are a  num ber o f  d istinct features, w hich are illustrated , in  the  above F igure  
3.40. T here  is a gradual decline in  trehalose levels fo r T rain  B cultures, during the ex trem e 
heat treatm ent (0.5 - 2 hr). A  slight increase is detected  once cultures w ere p laced  in to  
recovery conditions (3.21 % occurs at 2.5 hr). This is fo llow ed by  a fu rther decrease during  
the recovery  to  1.03 % at 4.5  hr, w ith  a  possib le increase appearing at the  tail e n d  o f  recovery  
to  a  value o f  2.01 % at 24  hr.
Train A  cultures p roduce  the  h ighest level o f  trehalose, starting at 11.97 %  a t 0  h r, w ith  a  
sharp decline occurring  in  the  firSt.3J3jmin o f  extrem e treatm ent (8.72 % at 0 .5  hr). A fte r this 
point a  sharp increase occurs, w hich peaks at 14.95 % at 1.5 hr, fo llow ed by a  slight fall at 2 
hr. D uring  the recovery  period  o f  2.5  - 24  hr, high levels o f  trehalose are m ain tained  3.5 - 5 h r 
w ith m ino r fluctuations in betw een. A fter 5 hr, levels start to  rise  again, w ith  the h ighest 
percentage recorded  fo r 12C cultures at 24 h r in  recovery o f 15.03 %. A s w ith T rain  cu ltures, 
the control cultures (Train C) show  a  sim ilar trend w here there are no d istinct changes in  
trehalose levels w ith  shifts in  tem perature. T here  is a gradual increase in  levels s tarting  in  the  
first 30  m in  o f  extrem e heat treatm ent (0.5 hr) and continuing  through in to  recovery  to  the  
h ighest percen tage o f  10.63 at 3 hr. A fter 3hr period, levels gradually  decrease to  4 .1 6  %  a t 
the end  o f  recovery  (24  hr).
C om parisons betw een  the  T rain  A , B and C  cultures, c learly  show s tha t T ra in  A  cu ltu res 
incubated a t sublethal tem peratures o f  28 °C fo r 24 hrs show ed the  greatest change in  the  
am ount o f  trehalose produced  during the subsequent extrem e hea t trea tm ent and  recovery  
periods. T h is is  clearly  dem onstrated  w ith the  h ighest values ranging  from  11.97 to  15.03 %.
T he overall range o f  trehalose levels present for each tim e course o f  12C T rain  A , B  and  
control (T rain  C) cultures are h igher com pared  to  those o f B b24  counterparts (F igure  3.39).
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This w as clearly  dem onstrated  w hen com paring the  overall spread o f  values fo r B b24 , w hich 
is  w ith in  the  range o f  1.4 - 8.8 % to  tha t o f 12C, w ith  1.03 - 15.03 %.
3.5.4 The Comparative Analysis of Specific Trehalase Activity Trained (Train A and B) and 
Control (Train C) 12C and Bb24 Cultures.
T ables 3 .3 .7  A  and B sum m arises the effects o f  sublethal train ing  on the specific  trehalase 
activity  in  cultures B b24  and 12C. T here are d istinct differences in  the  levels o f  activ ity  in  the  
tw o species and these are clearly  illustrated  in F igure  3.41.
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(A)
B b 2 4  T ra in in g  
C o n d itio n s
S p e c if ic  T r e h a la s e  A ctiv ity  
(106 U x  p g  p r o te in 1)
T ra in  A, g row th  a t  28°C /  4 8  h rs  
T ra in  B, grow th  a t  3 0 °C / 4 8  h rs  
T ra in  C , grow th  a t  25°C / 2 4  h rs
0 .8 9 2  ± 0 .0 5  
1 .5 1 5  ±  0 .2 9 7  
3 .1 3 9  ± 1 .0 1
(B)
1 2 C  T ra in in g  
C o n d itio n s
S p e c if ic  T r e h a la s e  A ctiv ity  
(106 U x  p g  p ro te in '1)
T ra in  A, g row th  a t  2 8 °C / 2 4  h rs  
T ra in  B, g row th  a t  2 5 °C / 4 8  h rs  
T ra in  C , g row th  a t  2 2 °C / 2 4  h rs
0 .7 8 4  ± 0 .0 1 7  
2 .0 3 7  ± 0 .1 2 4  
1 .2 3 7  ± 0 .0 5 8
T a b le  3 .3 .7  A  and B . Specific  trehalase activ ity  in  tra ined  and con tro l (T rain  C ) B b24  and 
12C cultures respectively. A verage o f  5 replicate ±  standard  deviation . S pec ific  trehalase 
activity  w as determ ined w hereby 1 U n it o f  trehalase activ ity  is defined  as the  am ount o f 
enzym e w hich gives rise  to  1 nm ol o f  g lucose/ m in / fig protein .
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Figure 3.42 depicts the differences in trehalase activity between Bb24 and 12C. Comparison 
o f Bb24 Train A, B and control cultures shows the most marked difference between the levels 
o f trehalase activity measured in the respective sublethal temperature regimes. The highest 
level o f  specific trehalase activity is detected in Bb24 control (Train C) cultures with 
approximately 3.1 x 106 U/pg protein, which is approximately 3 times greater than that 
measured in 12C control counterparts (Table 3.3.7 B). The highest level o f activity in 12C is 
seen for Train B cultures. While Train A cultures for both species have the lowest level o f  
activity.
Specific Trehalase Activity in Cultures Exposed to Sublethal 
Tem perature Regim es in Bb24 and 12C Cultures
Training Regime
Figure 3.42. Specific trehalase activity in trained (Train A and B) and control (Train C) 
cultures o f  12(i* jand Bb24 (■ ).
The following Sections 3.5.5 and 3.5.6 summarise the changes in specific trehalase activity 
during sublethal, extreme and recovery regimes in Bb24 and 12C cultures. This was achieved 
by sampling at appropriate intervals throughout the time course o f the various temperature 
regimes imposed.
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3.5.5 T h e  D e tec tio n  a n d  A naly sis  o f  T re h a la s e  in  B b24  C u ltu re s  S u b je c te d  to  S u b le th a l 
(T ra in e d ) , E x tre m e  a n d  R eco v e ry  T e m p e ra tu re  R eg im es.
Table 3.3.8 sum m arises the changes in  specific  trehalase activ ity  in  T rain  A , B  and control 
(T rain C) cultures o f B b24 subjected  to  extrem e heat treatm ent and recovery  periods.
Temperature
Regime
Time
(hrs)
Specific Trehalase Activity 
(106 U x pg protein'1)
Train A 1 Train B | Train C
Train 0 0.892 ± 0.05 1.515 ±  0.297 3.139 ± 1.01
0.5 0.855 ± 0.063 1.451 ± 0 .1 5 5 1.864 ±  1.587
1 0.889 ± 0.075 1.764 ± 0 .2 5 4 1.637 ± 0 .6 5 7
Extreme 1.5 1.073 ± 0 .0 7 1.68 ± 0 .1 7 6 0.985 ± 0 .5 1 2
2 0.917 ± 0 .0 6 8 1.891 ± 0 .4 1 4 1.966 ± 1 .2 5 7
2.5 0.917 ± 0 .0 7 2 1.712 ± 0 .1 9 4 1.789 ± 0 .3 9 9
3 0.882 ±  0.065 1.64 ±  0.102 1.973 ± 0 .3 6 0
3.5 0.876 ±  0.062 1.932 ±  0.502 1.737 ± 0 .3 1 6
4 0.877 ± 0.077 2.957 ±  0.509 1.651 ± 0 .3 2 8
4.5 0 .897 ±  0.069 2.735 ±  0.219 1.742 ± 0.200
Recovery 5 0.979 ± 0.025 2.676 ±  0.368 1.293 ± 0 .2 4 7
5.5 **** **** 1.193 ± 0.159
6 **** **** 1.337 ± 0 .0 9 4
23 0.945 ±  0.057 2.917 ± 0 .2 0 5 ****
- 24 0.952 ±0 .1 51 2.604 ± 0.21 1.484 ± 0 .2 1 5
T a b le  3.3.8. Specific trehalase activities o f  B b24 tra ined  and con tro l (T rain C ) cultures. 
A verage o f  5 replicate ±  standard  deviation, Train A  sam ples p refixed  w ith  ( !) represen ts 
replicates o f  3. T he tim e course o f  0  to  24 h r  relates to  th e  designated  sam pling  tim es during  
the various tem perature regim es used: starting  at 0  h r fo r the  end  o f  a  sublethal tra in ing  
regim e; 0.5  - 3 h r  fo r sam pling during  extrem e heat treatm ent; 3.5  - 24  h r sam pling  in  the  
recovery  period. Specific trehalase activ ity  w as determ ined  w hereby  1 U n it o f  trehalase  
activ ity  is defined as the  am ount o f  enzym e w hich gives rise  to  1 nm o l o f  g lucose/ m in / jig 
protein.
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The comparative analysis of changes in trehalase activity present in Train A, B and C cultures 
summarised in Table 3.3.8, demonstrates a number o f points illustrated in Figure 3.43.
Specific Trehalase Activity of Trained and Control 
Cultures off Bb24.
+ Train A 
Train B 
A Train C
Figure 3.43. Specific trehalase activity o f Bb24 Train A, B and C cultures which have 
undergone extreme heat treatment and recovery periods. Cultures were harvested every 30 min 
and specific trehalase activity was determined whereby 1 Unit o f trehalase activity is defined as 
the amount of enzyme which gives rise to 1 nmol o f glucose/ min/ pg protein. Train A: 0 hr 
represents cultures harvested after training at sublethal temperatures o f 28 °C/ 48 hr; 0.5 - 2 hr 
period, Train A cultures harvested during exposure to extreme heat treatment (40 °C/ 3 hr); the 
period between 2.5 - 24 hr, cultures are placed into recovery (25 °C/ 24 hr). Train B: 0 hr, 
cultures harvested after training at sublethal temperatures of 30 °C/ 48 hr; 0.5 - 2 hr period, 
Train B cultures harvested during exposure to extreme heat treatment (40 °C/ 3 hr); the period 
between 2.5 - 24 hr, cultures harvested during the recovery period (25 °C/ 24 hr). Train C: 0 
hr, control cultures harvested after incubation at optimal conditions o f 25 °C/ 24 hr; 0.5 - 2 hr 
period, control cultures harvested during exposure to extreme heat treatment (40 °C/ 3 hr); the 
period between 2.5 - 24 hr, cultures harvested during the recovery period (25 °C/ 24 hr).
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Examination o f the changes in trehalase activity in Bb24 cultures resulting from incubation at 
sublethal temperature (Train A  and B) and the changes in the control (Train C) regimes, upon 
exposure to extreme heat and subsequent recovery periods shows distinct differences. 
Trehalase activity in extracts prepared from Train C (control) cultures at 0 hr produced the 
highest level o f activity overall. Upon extreme heat treatment, the activity decreases to 
approximately half the value in the first 0.5 hr period. The period between 2 - 4.5 hr shows 
trehalase activity levelling out at around 1.7 x 106U/jng protein. After 4.5 hr, there is a 
continued decline in activity to a value of 1.484 x 106U/|Xg protein at 24 hr.
Exposing Bb24 cultures to sublethal temperature regime (Train A) appears to have no major 
effect on the level of trehalase activity throughout extreme and recovery periods. This is 
clearly demonstrated in Figure 3.43, with an almost constant level o f activity present. It is 
also clear that the overall activity in Train A  culture is less than that found in the control 
counterparts.
Values presented in Train B cultures demonstrates a trend whereby there is low activity during 
sublethal and extreme heat treatment regimes ( 0 - 3  hr), and an increase in activity upon a shift 
back into optimal conditions (3.5 - 24 hr). The greatest level o f activity during the recovery 
phase is also demonstrated for Train B cultures with 2.957 x 106U /|ig  protein which is an 
approximate 3 and 1.8 fold increase in comparison to the respective Train A  and C recovery 
counterparts.
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3.5.6 The Detection and Analysis o f Trehalase in  12C Cultures Subjected to  Sublethal
(Trained), Extrem e and Recovery Temperature Regimes.
Changes in specific trehalase activity were monitored during the various temperature regimes 
applied to 12C cultures with the results summarised in Table 3.3.9.
Temperature
Regime
Time
(hrs)
Specific Trehalase Activity 
(106 U x pg protein'1)
Train A 1 Train B Train C
Train 0 0.784 ±0 .017 2.037 ± 0.124 1.237 ± 0.058
0.5 0.83 ± 0.028 2.034 ± 0.059 1.187 ± 0.102
Extreme 1 0.86 ± 0.007 2.471 ±0 .162 1.218 ± 0.049
1.5 0.856 ± 0.082 2.063 ±0.151 1.238 ± 0 .1 2 8
2 0.855 ± 0.047 1.938 ±0 .283 1.156 ± 0.07
2.5 0.876 ± 0.061 2.018 ±0 .423 1.156 ± 0.08
3 0.909 ± 0.071 2.188 ±0.731 1.177 ± 0.081
3.5 0.915 ± 0 .04 2.229 ± 0.39 1.088 ± 0.078
4 0.854 ± 0.074 2.247 ± 0.368 1.222 ± 0 .1 4 9
Recovery 4.5 1.177 ±0 .056 2.185 ±0.121 1.236 ± 0 .1 4 6
5 1.392 ±0 .093 2.258 ± 0.366 ****
5.5 1.257 ± 0.08
6 ★  *** **** ****
23 **** **** ****
24 1.22 ±0 .064 2.082 ± 0.298 1.448 ± 0.06
Table 3.3.9. Specific trehalase activities o f 12C trained and control (Train C) cultures. 
Average o f 5 replicate ±  standard deviation, Train A  sample prefixed with (*) represent 
replicates o f 3. The time course o f 0  to 24 hr relates to the designated sampling times during 
the various temperature regimes used: starting at 0 hr for the end o f  a sublethal training 
regime; 0.5 - 2 hr for sampling during extreme heat treatment; 2.5 - 24 hr sampling in the 
recovery period. Specific trehalase activity was determined whereby 1 Unit o f  trehalase 
activity is defined as the amount o f enzyme which gives rise to 1 nmol o f glucose/ min/ pg 
protein.
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Comparing the trehalase activity present in extracts of Train A, B and C cultures o f 12C 
through shifts in temperature o f extreme heat treatment and recovery periods illustrates similar 
trends to those found for Bb24 cultures which is clearly illustrated in Figure 3.44.
Specific Trehalase Activity of Trained and Control Cultures of 12C
4, Train A
Figure 3.44. Specific trehalase activity of 12C Train A, B and C cultures which have 
undergone extreme heat treatment and recovery periods. Cultures were harvested every 30 min 
and specific trehalase activity was determined whereby 1 Unit of trehalase activity is defined as 
the amount o f enzyme which gives rise to 1 nmol o f glucose/ min/ pg protein. Train A: 0 hr 
represents cultures harvested after training at the sublethal temperature regime o f 28 °C/ 24 hr; 
0.5 - 2 hr period represents Train A cultures harvested during exposure to extreme heat 
treatment (40 °C/ 2 hr); the period between 2.5 - 24 hr represents cultures harvested during the 
recovery period (22 °C/ 24 hr). Train B: 0 hr represents cultures harvested after sublethal 
temperature regime of 25 °C/ 48 hr; 0.5 - 2 hr period represents Train B cultures harvested 
during exposure to extreme heat treatment (40 °C/ 2 hr); the period between 2.5 - 24 hr 
represents cultures harvested during the recovery period (22 °C/ 24 hr). Train C: 0 hr 
represents control cultures harvested after incubation at optimal conditions of 22 °C/ 24 hr; 0.5 
- 2 hr period represents control cultures harvested during exposure to extreme heat treatment 
(40 °C/ 2 hr), the period between 2.5 - 24 hr represents cultures harvested during recovery 
period (22 °C/ 24 hr).
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Exposing 12C cultures to sublethal temperature regime (Train A), appears to have no major 
effect on the level of trehalase activity throughout extreme and recovery periods. This is 
clearly demonstrated in Figure 3.44, with an almost constant level o f activity at a value of 
approximately 0.9 x 106U /|ig protein, which is similar to that found in Bb24 Train A  
counterparts (Figure 3.43). The only comparative difference to Bb24 Train A, was a slight 
increase in activity at 4.5 hr, which gradually decreased down to 1.22 x 106U/|Jg protein at 24 
hr. The overall level o f activity was less than that found in Train C, which is similar to 
findings for Bb24 Train A cultures (Figure 3.43). Exposing cultures to sublethal temperature 
of 30 °C for 48 hr (2.037 x 106U/pg protein at 0 hr), had the greatest effect on the level of 
trehalase with 1.6 to 2.5 fold increase compared to Train A and C counterparts respectively. 
As with 12C Train A and control cultures, there are no distinct changes in the level o f activity 
where the values fluctuate between approximately 2.0 and 2.2 x 106U/jig protein, with 
exceptions at 1 hr and 2 hr periods o f 2.471 and 1.938 x 106U/jig protein respectively. Train B 
cultures appear to demonstrate the highest level o f activity compared to both Train A  and C 
cultures, with nearly a 2.5 and 1.6 fold increase at 0 hr (Table 3.3.9), respectively. This ratio in 
the difference in levels continues throughout the time courses o f Train A, B and C, which is 
clearly illustrated in Figure 3.44.
205
3.57 Correlation’s Between the Levels o f Trehalose and Trehalase A ctivity in Cultures 
Subjected to Sublethal (Trained), Extrem e and Recovery Tem perature Regimes.
To summarise, a number o f correlation’s can be demonstrated when comparing the changes in 
the levels o f trehalose and neutral trehalase activity. The level o f trehalase activity present 
during the time course for Bb24 Train B cultures starting at 0 hr period follows a pattern 
whereby there is reduced activity during extreme heat treatment (Figure 3.39), which 
corresponds to high levels o f trehalose during the same period (Figure 3.43). Upon transfer to 
recovery conditions, increased levels of trehalase activity occur with an overall decrease in 
trehalose (Figures 3.39 and 3.43 respectively). This trend is apparent only in Bb24 Train B 
cultures, with no similar patterns occurring in any of the other respective sublethal training 
regimes for both Bb24 and 12C.
In control Bb24 cultures (Train C), trehalose levels are low (0 hr) which can be correlated to 
comparatively high levels o f trehalase activity during the same period (Figure 3.43). The 
opposite o f this trend occurs for Bb24 Train A  cultures sampled at 0 hr, with a low level o f  
trehalase activity, associated with an increase in trehalose levels above the control values 
(Figure 3.39 and Figure 3.43, respectively). N o apparent inverse relationship can be 
demonstrated between the changing levels o f trehalose and trehalase activity during extreme 
treatment and recovery regimes (0.5 - 3 hr and 3.5 - 24 hr, respectively) in Train A  cultures. 
There is a noticeable decrease in trehalose levels from 4.5 - 24 hr, compared with no apparent 
increase in trehalase activity in the same period.
When comparing the levels o f trehalose and respective hydrolysing enzyme in 12C Train, B 
and C cultures, a different trend to that found for Bb24 is observed. The low levels o f  
trehalose (Figure 3.40) throughout the time course (0 - 24 hr) for Train B cultures corresponds
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with sustained high levels o f trehalase activity during the same period (Figure 3.44). In the 
case Train A  cultures, sustained high levels o f trehalose correspond to low levels o f trehalase 
activity. Train C cultures follows a similar pattern to Train A, but to a lesser extent, although 
there is a decrease in trehalose levels at 24 hr, which corresponds with a slight increase of 
trehalase activity during the same period.
When monitoring the levels o f both trehalose and trehalase in cultures o f Bb24 and 12C, 
planning o f the experiment took into consideration that measurements made, originated from a 
single culture. Therefore determining the method o f sample preparation for both extraction 
protocols was crucial, as trehalose extraction was by far more stringent to that o f the enzyme 
extraction (refer to Chapter 2, Material and Methods, Sections 2.6.2 and 2.6.4). To be able to 
separate the two methods, the starting material had to be divided and accurately measured. 
Freeze drying the cultures became the method of choice for ease o f  handling the starting 
material as it was difficult to divide snap frozen material which defrosts at 4  °C. The accuracy 
of measuring out approximately 5 mg o f frozen material for trehalose analysis was also 
difficult due to the excess water content. If freeze drying the material had an effect on the 
levels o f trehalose and trehalase activity present in the cultures, this would have possibly been 
illustrated by similar values occurring for all the cultures sampled. Therefore no real distinct 
changes between the various time courses for Train A, B and C cultures for both species 
would have been demonstrated.
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C H A P T E R  F O U R
D I S C U S S IO N  A N D  C O N C L U S IO N S
4.0 Changes in Protein and mRNA Expression.
It has been demonstrated in mammalian cells that the effects o f elevated temperature result in the 
inhibition o f macromolecular mechanisms, such as DNA, RNA and protein synthesis (reviewed in 
Roti Roti and Laszlo 1988). The response o f Bb24 and 12C to elevated temperatures was 
investigated by analysis o f the patterns o f proteins synthesised shown in Figure 3.1 A, B , C and D. 
Overall protein synthesis was detected and measured by the incorporation o f [35S] methionine into 
TCA-precipitated material (Table 3.1).
Together, these observations indicated strongly that sustained protein synthesis during extreme heat 
treatment is dependent on pre-conditioning cultures to sublethal training regimes (Train A  and B), 
for Bb24 cultures only (Figure 3.2). The sublethal training regimes used on 12C did not effectively 
induce thermotolerance as previously suggested by the growth rate studies o f White et. al. (1995), as 
the relative protein synthesis during recovery was negligible. It was demonstrated during extreme 
treatment for both Bb24 and 12C control cultures respectively, that protein synthesis was negligible 
corresponding to very high levels o f HIIPS (Table 3.2). After 24 hr in recovery a distinct difference 
in protein synthesis was illustrated between the two species as resumption of protein synthesis 
occurred for S. himantioides only (as illustrated by the reactivation o f  protein synthesis). This 
indicated that the extreme heat regime o f 40 °C for 3 hr used in this study, did not effectively kill 
Bb24 however, it is clear that 40 °C/ 2hr did effectively inhibit cellular activities in S. lacrymans 
White et. al. (1995), as after 24 hrs in recovery, resumption o f normal protein synthesis did not 
occur. The observations from these metabolic studies also substantiates the comparative difference 
o f the two Serpula species observed by Seehann and Riebesell (1988), suggesting the overall 
thermotolerant nature o f S. himantioides to that o f S. lacrymans. One study carried out by Higgins 
and Lilly (1993) attempted to show the multiple responses associated with heat stress in the
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basidiomycete S. commune by the analysis o f hsp production, protein ubiquitination and changes in 
proteases. The conditions used to initiate heat stress were comparatively similar to those used in this 
study, with extreme temperature regime o f 55 °C for 3 hr compared to 40 °C for 2 and 3 hrs (12C 
and Bb24 respectively).
The systematic band comparisons o f the 1-D autoradiograms illustrated the complex pattern of 
synthesis, which occurred for both Serpula species. Global comparisons were made illustrating the 
similarities between Bb24 and 12C (Figure 3.6 A  and B). The expression o f proteins whose 
molecular weights are similar to those o f members o f the Hsp Families were highlighted for both 
Bb24 and 12C (Table 3.2.1), a distinct difference between the two species was the presence o f high 
molecular weight proteins which fall within the Hsp 70 and 90 Mr range in Bb24 only. However it 
was interesting to note that both Bb24 and 12C produced high molecular weight proteins following  
mRNA extraction and in vitro translation (Figure 3.12). The largest group o f proteins which were 
heat-induced and constitutively expressed in both Bb24 and 12C fell within the molecular weight 
range of that o f the small Heat-Shock Proteins (sHSPs). There was a range o f constitutively 
expressed bands corresponding in molecular weights to a number o f small hsps is consistent with 
evidence suggesting a functional role for these proteins in normal cell metabolism and development 
(Rossi and Lindquist, 1989; Stahl et. al., 1992; Gemold et. al., 1993). Constitutively and tissue 
specific low  level expression o f small hsps have been detected in unstressed tissues (Glaser et.al., 
1986; Bielka et. al., 1988; Hammerschlag et. al., 1989; Heikkila et. al., 1991; Marin et. al., 1993). 
New ly synthesised bands, which were heat-induced, corresponded in molecular weight to hsp27, 
were also identified in Bb24, but not 12C. These bands corresponding in molecular weight to 27.2  
kD were expressed in only the sublethal (Train A and B), and subsequent extreme and recovery 
extracts (Table 3.1.3). The levels o f expression for the 27.2 kD protein represented as %IOD for 
both trained extracts decreased during extreme heat-treatment, but increased during the recovery
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phase (Table 3.1.5). This observation o f increased levels o f hsp27 expression after heat-shock has 
been demonstrated in mouse, Chinese hamster and rat glioma cells (Klemenz et. al., 1991; Landry 
et. al., 1991; Liaguma et. al., 1992). Studies have also shown that hsp27 accumulates with slower 
kinetics and are synthesised for longer after stress (Landry et. al., 1991; Klemenz et. al., 1993). In 
chick embryo cells, there was a notable difference in the concentration o f hsp27 after heat-shock, in 
contrast to accumulation o f hsp71 and hsp88 (Edington and Hightower, 1990).
Studies in mammalian cells have also suggested a role o f hsp27 in thermotolerance. Stable heat- 
resistant variants were isolated after mutagenesis o f CHO (Chretien and Landry, 1988). Constitutive 
expression o f the human hsp27 in Chinese hamster and mouse cell lines has also conferred 
protection from thermal killing (Landry et. al., 1989).
The overall recalcitrant nature o f the mycelium resulted in inefficient protein extraction from both 
Serpula species, which clearly demonstrated by the quality o f the 2-D autoradiographic profiles. The 
stringent procedure used in sample preparation for releasing intracellular material and the 
difficulties associated with protein solubility for 2-D analysis would have definitely played a major 
part in the inefficient separation and resultant resolution of proteins for Bb24 and 12C extracts. The 
sensitivity and power o f 2-D SDS PAGE, was clearly illustrated for the analysis o f total protein 
extracts from L-2226. Heat-induced proteins where detected only during sublethal (42 °C) and 
extreme temperatures (52 °C) could be clearly seen in relation to basal levels o f proteins present 
throughout the temperature regimes imposed (Table 3.2.3).
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4.1 Immunological Analysis for the Detection of Hsp60, 70 and Ubiquitinated 
Proteins.
Serpula species homologues for hsp60 and 70 were detected in vivo in cell extracts from Bb24  
(Figure 3.15 A  and 3.17 A) but not in those from 12C (Figure 3.15 B and 3.17 B) by polyclonal 
antiserum. There was no detectable presence in both species o f a cross reactive product for the 
monoclonal antibody equivalents, possibly indicating a post-translational modification o f  the 
proteins in which the surface epitopes recognised by the MAb’s are lost. This was further 
substantiated by the immunological analysis of the in vitro translational extracts whereby a signal 
was detected by both hsp60 and 70 MAb’s for both Serpula species (Figures 3.21 and 3.22). The 
possible partial and complete loss o f antigenic epitopes for hsp60 in Bb24 and 12C respectively can 
also be demonstrated by the comparative analysis o f the intracellular and in vitro translation blots. A  
difference in signal size was detected by anti-GroEL serum for intracellular extracts for Bb24  
(Figure 3.15 A), which ran at a lower molecular weight to the signal detected in vitro translation 
extracts by MAb 60 (Figure 3.21 A). In comparison with no signal seen for 12C for intracellular 
(Figure 3.15 B), but with a subsequent signal seen for in vitro translation extracts (Figure 3.21 B).
MAb’s can be used for the identification o f gene products in recombinant D NA  experiments, where 
the gene product from such an experiment could be modified in such a way that the antigen has lost 
the corresponding epitope. An example illustrating this, is where a protein has been truncated or not 
correctly folded. Discontinuous or conformational epitopes, which are composed o f different 
stretches o f the polypeptide chains, should be particularly sensitive to incorrect refolding. Therefore, 
the epitopes o f an antigen are not equally stable to denaturation and some might be difficult to 
renature after denaturation. This problem is not so serious when working with polyclonal antibodies, 
as their specificity is not as narrow with specificity to a broad range o f epitopes.
2 1 1
The process where proteins labelled for degradation was investigated for both Bb24 and 12C. 
Protein degradation by the ubiquitin-proteasome degradative system in relation to the temperature 
regimes applied to Bb24 and 12C (Figure 3.23). It was demonstrated for 12C that a group of 
proteins ear-marked for protein degradation were present in extracts from cultures exposed to 
sublethal and extreme temperatures. To date the only other study using an anti-ubiquitin serum to 
monitor changes in protein degradation is by Higgins and Lilly (1993). Their results indicated 
changes in a ladder o f low molecular weight ubiquitinated conjugates from heat-shock cultures o f  S. 
commune, with high molecular weight conjugates appearing to be less abundant.
To date the immunological detection o f hsp 60 and 70 in similar basidiomycetes has not been 
undertaken and there is no corroborative evidence to which a feasible explanation as to why these 
two Serpula species behave in the manner illustrated.
4.2 Detection and Identification of Hsp70.
The detection o f a 70 kD protein by immunoblot analysis on the ID intracellular autoradiograms 
and resultant immunoblots for Bb24 extracts, but none for 12C for intracellular extracts. The 
analysis o f mRNA expression by in vitro translation studies did however produce a 70 kD band for 
both Bb24 and 12C extracts, this was further substantiated by a positive signal detected for both 
species by MAb 70.
To confirm whether the identification o f a 70 kD band by immunoblot detection in both intracellular 
and in vitro translation extracts, a molecular based approach using sequence specific primers was 
initiated identification using sequence specific primers derived from the A. bisporus hspA (hsp70) 
sequence. By RT-PCR and PCR based methods, cDNA and genomic D N A  fragments respectively 
were produced which correlated in size to the control A. bisporus fragments (Figure 3.27).
2 1 2
The rationale behind the experiments undertaken, demonstrated the following: (i) the optimisation 
o f the RT-PCR and PCR reaction procedure resulted in the highest level o f  efficiency possible; (ii) 
the PCR products derived from both RNA and D N A  starting material could be easily identified due 
to the careful design o f the primers which span an intron; (iii) the reaction products were cloned and 
sequenced establishing that the control mushroom PCR product was related to the previously 
partially sequenced A. bisporus hspA gene (Schaap et. aL, 1996).
Although the identification o f 12C and Bb24 amplimer products by the sequence-specific primers 
generated from A. bisporus hsp70 gene sequence was achieved, the subsequent cloning and 
sequencing o f the reaction products only gave positive identification o f  the control to that o f the A. 
bisporus hspA gene sequence (Accession no. X98508). The generated amplimer D NA  sequences for 
the two Serpula species closely resembled the DNA  from the pGEM vector used in this study.
Further cloning experiments will have to be undertaken to verify whether the cDNA and genomic 
D N A  sequence amplified by the primers are in fact fragments derived from a Serpula species are 
fungal homologues of the hsp70 gene.
4.3 Immunological Detection of AMPK.
To date there is no work detailing the role o f AMPK in stress signalling in basidiomycetes. 
Immunological studies illustrated a cross reactive product detected from Bb24 intracellular extracts 
exposed to sublethal (Train A  and B) and extreme temperature regimes (Figure 3.37 A). An increase 
in AMPK levels resulting from stress was clearly demonstrated for the control (Train C) set. With a 
cross reactive product identified during extreme-heat treatment only, which corresponds to a 
growing body o f evidence that this protein kinase is activated only during periods o f cellular stress 
(Moore et. al., 1991; Corton et. al., 1994; Hardie et. al., 1994; Hawley et. al., 1995). The lack o f
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activity measured in the cellular extracts o f both species may be explained by one or more o f the 
following reasons: dephosphorylation o f AMPK; extraction causes inhibition of phosphorylation; 
the kinase may require de novo phosphorylation in vivo; the cross reactive product identified 
immunologically may not have the same peptide substrate as the AMPK of yeast, plant and animal 
systems (Woods et. al., 1994; Mackintosh et. al., 1992 and Davies et. al., 1989). To rule out whether 
the enzyme present in Bb24 and 12C is in an inactive state, further work w ill have to be carried out 
to purify the enzyme followed by subsequent experiments to evaluate the effect o f deactivation by 
protein phosphatase C and reactivation by a kinase kinase assay (Moore et. al., 1991).
4.4 Changes in Trehalose and Trehalase Levels During the Heat-Shock 
Response.
From the overall analysis of trehalose present during the various temperature regimes imposed on S. 
lacrymans, no correlation could be made for a transient increase in trehalose and induced 
thermotolerance in any o f the training regimes used for 12C cultures. Although sustained high levels 
present in Train A  cultures with slightly lower levels seen for control (Train C), throughout the time 
course, may be an indication that 12C is in a state of permanent stress (Figure 3.40). Comparing the 
overall levels o f trehalose in S. himantioides (Figure 3.39) could support this by linking the 
observation o f  S. himantioides having a far more thermotolerant nature to S. lacrymans, therefore 
the levels o f trehalose required to protect the cells during periods o f stress are less.
Bb24 cultures pre-treated at sublethal temperature regime Train B , shows increased levels o f  
trehalose during heat treatment followed by a decrease in recovery corresponding to an increase in 
trehalase activity during the same period (Figures 3.39 and 3.43). This resembles similar trends 
which have been observed in other eukaryotic studies (Killick and Wright, 1972; Attfield, 1987; 
Hottiger et. al., 1987; De Virgilio et. al., 1991; Neves and Francois, 1992), where acquisition o f
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thermotolerance and accumulation o f trehalose are closely correlated during preconditioning and 
extreme heat stress and could be postulated to correlate to the occurrence o f  induced 
thermotolerance.
It has been demonstrated that in exponentially growing yeast, there are basal levels o f trehalose and 
low trehalase activity (Thevelein, 1991). Upon exposure to sublethal temperatures (40 - 45 °C for 1 
to 2 hr), yeast rapidly accumulate large amounts o f trehalose (Attfield, 1987; Hottiger et. al., 1987b) 
which has been shown to correlate with increased thermotolerance (Hottiger et. al., 1987a). 
However it has also been reported that a short severe heat-shock o f 3 mins at 50 - 54 °C causes an 
apparent activation of neutral trehalase in yeast ascospores, but this may be an artifact arising during 
sampling which consists o f rapidly cooling the cells in ice-cold water (Thevelein, 1984c). Hottiger 
et. al. (1987b) demonstrating that the enzyme measurements o f trehalose-6-phosphate synthase and 
trehalase taken from extracts prepared by dismpting yeast cells with glass beads at 4 °C produced a 
high yield o f both enzymes during heat-shock, suggesting a high tum-over of trehalose. The above 
studies indicate that there may be artificial activation of trehalase during sample preparation.
The possible problems associated with sample procedures was investigated (De Virgilio et. al., 
1991b) by permeabilisation o f cells through rapid freezing in liquid nitrogen and their subsequent 
thawing in the presence o f Triton X-100. It was demonstrated that in extracts prepared at 40  °C and 
in phosphatase-treated buffer at 0  °C (dephosphorylation o f enzyme), trehalase activity increased to 
a peak o f 3 times higher than in control cells after 60 min. D e Virgilio et. al., (1991b) also 
demonstrated by Western blot analysis, with M Ab’s against neutral trehalase showed a similar 
increase in the amount o f enzyme present. The use o f this procedure illustrated the rapid activation 
o f trehalase upon a shift in temperature o f 40 to 27 °C, which correlated with rapid degradation o f  
accumulated trehalose, followed by rapid inactivation o f trehalase when the cells were placed back 
into 40 °C and subsequent accumulation o f trehalose.
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4.5 Thermotolerance, Protection and Chemical Chaperones.
Despite the strong evidence linking induction o f hsps to acquired thermotolerance, studies giving 
evidence o f thermotolerance without new hsp synthesis also exist, indicating that cells have more 
than one mechanism for achieving this protective state. Borrelli et. al. (1996), demonstrated that 
mitotic mammalian cells whose chromosomes are condensed and essentially shut down, can still 
acquire thermotolerance without the production o f hsps. The chemical chaperone trehalose can 
reach intracellular levels o f 0.5 mol/1 and together with hsp 104 contribute to yeast thermotolerance 
(Elliot et. al., 1996). Yeast mutants lacking an enzyme in the trehalose biosynthetic pathway have 
been shown to be 500 fold more sensitive to heat-shock (Elliot et. al, 1996). It has also been 
demonstrated that trehalose stabilises proteins against thermal denaturation both in vivo and in vitro 
(Hottiger et. al., 1994b; Singer and Lindquist, 1998a). Trehalose has also been implicated in 
preventing aggregation of proteins, which appeared to be stabilised in a partially folded, molten 
globule-like form (Singer and Lindquist, 1998b).
The two aspects o f the heat-shock response, hsp induction and trehalose metabolism, have been 
widely studied and both have been suggested to contribute substantially to the increase in stress 
tolerance associated with heat shock. Exposure o f cells and organisms to elevated temperatures 
triggers the synthesis of hsps (Laszlo, 1988; Nover, 1991). It seems that hsps are prime candidates 
for molecules that protect cells from extreme temperatures as hsp synthesis and induction o f  
thermotolerance are closely correlated (McAlister and Finkelstein, 1980; Li and Werb, 1982; 
Plesofsky-Vig and Brambl, 1985; Lindquist and Craig, 1988; Nover, 1991). Constitutive expression 
of hsp70 in mammalian cells confers thermotolerance (Angelidis et. al., 1991) in transformed cell 
lines also provided a direct means o f studying the effects o f selected hsp70 expression on cell
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survival after heat-shock. As with hsp70, there is a correlation between hsp27 levels and thermal 
resistance (Landry et. al., 1989).
Smith and Yaffe (1991), also demonstrated S. cerevisiae cells expressing a mutant HSF protein, 
hsfl-m.3 resulted in the blockage o f hsp induction but did not affect the acquisition of 
thermotolerance. Other studies show that thermotolerance is partly independent o f hsp synthesis 
(Barnes et. al., 1990; D e Virgilio et. al., 1991a). Both yeast and Tetrahymena cells treated with 
cyclohexamide (inhibitor o f protein synthesis) prior to exposure to elevated temperatures, developed 
thermotolerance (Hall, 1983; Hallberg et. al., 1985). Treatment o f CHO cells during hyperthermia 
and heat treatment provided the same degree o f protection against cell killing at 43 °C as glycerol 
and thermotolerance (Borrelli, et. al., 1991, 1996) implying that cyclohexamide stabilises cellular 
proteins against thermal denaturation and thermotolerance occurred without the preferential 
synthesis o f hsps (Borrelli, et. al, 1996).
Contradictory to the above findings, studies have shown that in S. cerevisiae, long-term survival at 
extreme temperatures has been linked to elevated levels o f the hsp 104 (Sanchez and Lindquist, 
1990; Sanchez et. al., 1992). This contradicts the previous findings by Smith and Yaffe (1991), of 
the heat-shock transcription factor mutation blocking hsp induction without blocking 
thermotolerance. Lindquist and Kim, (1996) demonstrated that this mutation did not block the 
induction o f  hsp 104, as it could not be deleted in hstfl-m3 cells as the expression o f  heat-shock 
factor requires suppression mediated by the yeast prion, which in turn depends upon hspl04. As 
mentioned earlier there is also possible co-operation between hsp 104 and the disaccharide, trehalose 
(Elliot et. al., 1996). However, while both hsps and trehalose are likely to be major factors involved 
in stress tolerance, the relative contribution o f each and their mechanisms o f action are still unclear 
(De Yirgilio et. al., 1990; Watson, 1990; Craig et. al., 1993; Piper, 1993, Hottiger et. al., 1994b).
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As heat and other stress conditions cause cellular proteins to become partially unfolded, the ability 
of heat-shock proteins to protect cells against these adverse effects by utilising their ‘house-keeping’ 
functions as molecular chaperones is still o f major importance.
4.6 The Quest to Find New Innovative Ways to Study Hsp Expression.
At present the availability o f antibodies to hsps that cross react with proteins from a wide variety of 
species has permitted the use o f Western blotting techniques and other immunological methods to 
quantitatively measure constitutively-expressed and stress-induced hsps in organisms and cell lines 
(Lai, et. al., 1984; Landry et. al., 1989; Beckman et. al., 1992; Bloch and Johnson, 1995; Lindquist 
and Kim, 1996). This approach for the quantitative analysis o f important hsps are relatively straight 
forward and biologically relevant with respect to direct measurement o f epitopes which can be 
inferred to be an adaptive phenotype o f hsps, with regards to the abundance of these proteins in 
relation to their possible protective roles in multi-stress responses. There are drawbacks to this 
method o f analysis especially when considering the underlying molecular events associated with 
these responses which must be taken into consideration when tackling question o f specific changes 
in hsp expression. The following points highlight the possible limitations linked to this form of 
analysis, (i), the hsp under investigation may not be detectable at a level immediately following 
exposure to a stress, given the time lag between transcription and translation o f  a particular gene, 
(ii), the stability o f  hsps on the whole are regarded as quite high, which may result in their continued 
presence even after the removal o f the stressor.
The alternative to examining changes in protein expression, is the examination in changes in 
specific mRNA expression resulting from stress. Such an approach is based on the assumption that 
changes in gene expression, resulting in subsequent changes on protein abundance, typically 
involves changes in either the rate o f synthesis or stability of mRNA levels. If these changes due to
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stress affect the regulation o f hsp genes at the transcriptional level, the first measurable change that 
occurs is at the mRNA level. Therefore, measurements at the mRNA level might provide a valuable 
means of detecting short-term responses to stress.
Due to the high degree o f evolutionary conservation o f stress proteins, the potential exists for the 
development of sequence specific nucleic acid probes from particular species that could be used to 
monitor stress-related changes in mRNA abundance. The application o f PCR for the generation o f  
these probes, provided that the primer sequences can be identified that specifically amplify 
sequences o f interest from a wide variety o f organisms. PCR is a powerful tool for the qualitative 
and quantitative monitoring o f molecular changes within the cell. Considerable attention to changes 
in levels o f gene expression in response to various stresses have been analysed involving primarily 
hybridisation assays to measure RNA abundance (Krone and Heikkila, 1988, Kusukawa and Yura, 
1988; Wemer-Washbume et. al., 1989, Borrelli et. al., 1996). The recent utilisation o f RT-PCR 
based techniques due to its sensitivity and reproducibility is becoming increasingly used for analysis 
of RNA abundance with particular emphasis on specific hsp mRNAs (Rush et. al.,1990; Ohan and 
Heikkila, 1995; Zhao et. al., 1994, 1995; Gross and Watson, 1998). Oligo (dT), random (hexamer-) 
primers and the PCR antisense primer can be used as primers for the reverse transcription reaction. 
01igo(dT) primers are often inefficient for transcripts with long 3 ’ untranslated regions, as the 
efficiency o f reverse transcription decrease as distance from the primer increases. Both oligo (dT) 
and random hexamer primers are not sequence-specific and therefore, reverse transcription from 
total cellular RNA may often be inefficient. An alternative lies in the use o f sequence-specific 
primers. The design o f the primers generated from specific gene sequence can help to eliminate 
these associated problems to detect only the hsp sequence in question.
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A P P E N D IX
APPENDIX A
A1 Antibody Specificity.
The specificity o f the polyclonal and monoclonal antibodies used in the study were as
follows;-
(i) Anti-Hsc/Hsp 70 mouse monoclonal antibody specific for the constitutive and 
inducible forms o f Hsp 70 (Hsc and Hsp 70) that will recognise and cross react with 
family members from evolutionary divergent organisms o f human, rabbit, mouse, 
dog, chicken, Drosophila and S. cerevisiae cell lines.
(ii) Anti-60kD hsp mouse monoclonal antibody specific for Hsp 60 will identify from  
primates, mouse, rat, hamster, rabbit, pig, Borellia, E. coli, Streptococcus pyogenes, 
Yersinia enterolitica, Salmonella typhimurium, Treponema hyodysenteriae, T. 
innocense, Trichinella spiralis, yeast extracts and spinach chloroplasts.
(iii) The immunogen used to anti-ubiquitin rabbit polyclonal antibody was ubiquitin 
purified from bovine red blood cells conjugated to KLH, the antibody has been 
shown to immunoprecipitate BSA-conjugated ubiquitin.
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A2 Suppliers o f Equipment and Chemicals
Amersham International Pic., Amersham Place, Little Chalfont, Buckinghamshire, UK, HP7 
9NA.
Amresco, Solon, Ohio, USA.
BDH, Poole, Dorset, UK.
Bio-Rad Laboratories Ltd, Hemel Hempstead, Hertfordshire, UK, HP2 7TD.
Birchover Instruments Ltd, Bridge Road, Letchworth, Hertfordshire, UK, SG6 4ET.
Coulter Electronics Ltd., North well Drive, Luton, Beds., UK, LU3 3KH.
Fisons, FSA Laboratory Suppliers, Loughborough, UK.
Fluka Chemie A. G., CH-9470 Buchs, Switzerland.
Genetics Computer Group, 515 Science Drive, Madison, Wisconsin, 53711 U.S.A.
Genosys Biotechnologies (Europe) Ltd., London road, Pampisford, Cambridge, CB2 4EF  
England.
GIBCO/BRL, 3175 Staley Road, Grand Island, N Y  14702.
International Equipment Company, Division o f Damon, Dunstable, Bedfordshire, England. 
Millipore (UK) Ltd, Watford, Hertfordshire, UK, WD1 8YW.
Non Linear dynamics Ltd., The Technopole, Trafalgar Street, Newcastle upon Tyne, 
England, NE1 2LA.
Oxoid, UNIPATH, Basingstoke, UK.
Pharmacia-LKB Biotechnology, Milton Keynes, Buckinghamshire, UK, MK9 3HP.
Pierce, Rockford, Illinois, USA.
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Promega UK  Ltd, Delta House, Chilworth Research Centre, Southampton, S 0 1 6  7NS.
Leica Cambridge Ltd., Clifton Rd., Cambridge, CB1 3QH, England.
SAPU, Law Hospital Carluke, Lanarkshire, Scotland, ML8 5ES.
Sartorius Ltd, GB-Belmont, Surrey, UK, ML8 5ES.
Schleicher and Schuell, 10 Optical Avenue, Keene, NH 03431.
Sigma Chemical Company Ltd, Poole, Dorset, UK, BH17 7TG.
Stress Gen Biotechnologies Corp., The Raylor Centre, James Street, York, North Yorkshire, 
UK, Y O l 3DW.
ThermoMetric Ltd., 10 Dalby Court, Gadbrook Business Park, Northwich, Cheshire CW9 
7TN.
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